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I. INTRODUCTION 



Additional C/(l)' gauge symmetries and associated Z' 
gauge bosons are one of the best motivated extensions 
of the standard model (SM). It is not so much that they 
solve any problems as the fact that it is more difficult to 
reduce the rank of an extended gauge group containing 
the standard model than it is to break the non-abelian 
factors. As a toy example, consider the gauge group G — 
SU{N), with A^ — 1 diagonal generators. G can be broken 
by the vacuum expectation value (VEV) of a real adjoint 
Higgs representation which can be represented by a 
Hermitian traceless N x N matrix 



i=l 



(1) 



where the t/s' are the real components of $ and the Li are 
the fundamental (A^ x N) representation matrices. When 



$ acquires a VEV ($), SU{N) is broken to a subgroup 
associated with those generators which commute with 
($). Without loss of generahty, ($) can be diagonaUzed 
by an SU (N) transformation, so that the N —1 diagonal 
generators remain unbroken. In special cases some of 
these may be embedded in unbroken SU{K) subgroups 
(when K diagonal elements are equal), but the unbroken 
subgroup always contains at least J7(l)^^^. 

Soon after the proposal of the electroweak SU{2) x 
U{1)y model there were many suggestions for extended 
or alternative electroweak gauge theories, some of which 
involved additional C/(l)' factors. ^ 

An especially compelling motivation came from the de- 
velopment of grand unified theories larger than the orig- 
inal SU{5) model ( Georgi and Glashow|^ 1974). such as 
those based on 30(10) or Eq (See, e.g., ( Langacker et all 

t i; Robinctt a nd Rosner. 1982a.b| ). Fo r reviews, see 
wett and Rizzol . il989t iLa^^gacke^ Il98l[ ) .). These had 
rank larger than 4 and could break to Gsm x U{iy ",n> 
1, where Gsm = SU{3) x SU{2) x U{1)y is the stan- 
dard model gauge group. However, in the original (non- 
supersymmetric) versions there was no particular reason 
for the additional Z' masses to be at the electroweak or 
TeV scale where they could be directly observed. Simi- 
larly, superstring constructions often involve large gauge 
symmetries which break t o Gsm x U (1)' " in the effectiv e 
four-dimensional theory (jCvetic and Langackerl [T996a[ ). 
where some of the [/(I)' are non- anomalous. In both 
string theories and in supersymmetric versions of grand 
unification with extra 11(1)' s below the string or GUT 
scale, both the f/(l)' and the SU{2) x C/(l)y breaking 
scales are generally tied to the soft super sy mmet ry break- 
ing scale ( Cvetic and Langackeii [T996al lbl. Il997l ). There- 
fore, if supersymmetry is observed at the LHC there is a 
strong motivation that a string or GUT induced Z' would 
also have a mass at an observable scale. (An exception 
to this is when the t/(l)' breaking occurs along a flat 
direction.) 

In recent years many TeV scale extensions to the 
SM have been proposed in addition to supersymme- 
try, often with the motivation of resolving the fine 
tuning associated with the quadratic divergence in 
the Higgs mass. These inclu de various forms of dy- 
namical symmetry breaking I Chivukula et all . 120041 : 



IChivukula and Simmonsl . 12002: 'Hill a nd Simmonsl. [200 
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Some 
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incl ude |del Aguila and Mended . 
Il982all b[ 'Bargcr and Phillips, 
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1980 



Mohapatr a and Sidhu.. ,1978 ; Rizz o. 
More 




19811) . 
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complete lists 



1982; Masicr^ 
1980; Rizzo and Senianovid 
of ear ly references can 
Il989l : iLangacker et aZ] , 
Previous reviews 



llHewett and Rizzol. ^ 

11984 iRobinett and Rosneit Il982allbh 

include jdel Aguilal . Il994l: iGvetic and Godfrevl 



Cvetic and Langacken 
19991; lRizzd.l2006l) . 



119971 : iHewett and Rizzol Il989l : iLeike 



and little Higgs models (lArkani-Hanied et all 12001 



iHan et al. I. I2003L 120061: iPerelsteinl . 1200 <D . which typically 



involve extended gauge structures, often including new 
Z' gauge bosons at the TeV scale. Some versions of theo- 
ries with large extra dimensions allow the standard model 
gauge bosons to propagate freely in the extra dimensions, 
imply in g Kaluza-Klein ex cit ation s f see. e.g.. ([An toniadig , 



1990; 



Appelquist et all 12001 



2003: Barbieri et 



Cheng et all. 12002 



Delgado et al. 




20001: iGogoladze and Macesanul 12006 : 
Masip and Pomarol . 19991 )1 of the Z and other standard 
model gauge bosons, with effective masses of order 

~ 2 TeV X (10 
the extra dimension. 

Randall- Sun drum models (iRandall and Sundrum ^ 199S ) 



^^cm/i?), where R is the scale of 
Such excitations can also occur in 



20031 120071 : ICarena et~d. 



(see, e.g., (Agashe et al. 
l2003al : Hewctt et al, 200^). 

Other motivations for new Z' bosons, e.g., associated 
with (approximately) hidden sectors of nature, are de- 
tailed in Sections IIIII and |Vl Extensions of the SM 
may also involve n ew TeV scale charged W bosons (see, 
e.g., (iRizzd . 120071) 1. which could couple either to left or 
right handed currents, but the focus of this article will 
be on Z' s. 

The experimental discovery of a new Z' would be ex- 
citing, but the implications would be much greater than 
just the existence of a new vector boson. Breaking the 
U{iy symmetry would require an extended Higgs (and 
neutralino) sector, with significant consequences for col- 
lider physics and cosmology (direct searches, the prob- 
lem, dark matter, electroweak baryogenesis). Anomaly 
cancellation usually requires the existence of new exotic 
particles that are vectorlike with respect to the stan- 
dard model but chiral under 17(1)' , with several possibil- 
ities for their decay characteristics. The expanded Higgs 
and exotic sectors can modify or maintain the approx- 
imate gauge coupling unification of the minimal super- 
symmetric standard model (MSSM). In some construc- 
tions (especially string derived) the J7(l)' charges are 
family nonuniversal, which can lead to flavor changing 
neutral current (FCNC) effects, e.g., in rare B decays. 
Finally, the decays of a heavy Z' may be a useful pro- 
duction mechanism for exotics and superpartners. The 
constraints from the U{iy symmetry can significantly al- 
ter the theoretical possibilities for neutrino mass. Finally, 
U (1)' interactions can couple to a hidden sector, possibly 
playing a role in supersymmetry breaking or mediation. 

Section |TT] of this review discusses basic issues, such 
as the Z' interactions and properties, U{iy breaking, 
anomalies, and ordinary and kinetic mixing between Z 
and Z'. Section IIIII surveys the large range of models 
that have been proposed, including the C/(l)'-breaking 
scale; GUT-inspired models; sets of exotics and charges 
constructed to avoid anomalies; and more exotic pos- 
sibilities such as ultra-weak coupling, low mass, hid- 
den sector, leptophobic, intermediate scale, sequential. 
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family nonuniversal, and anomalous (7(1)' models. Sec- 
tion [IV] briefly outlines the existing constraints from pre- 
cision electroweak and direct collider searches, as well as 
prospects for detection and diagnostics of couplings at 
future colliders. Finally, Section |V] is a survey of the 
theoretical, collider, and cosmological implications of a 
possible Z' . 



II. BASIC ISSUES 
A. Z' Couplings 

In the standard model the neutral current interactions 
of the fcrmions are described by the Lagrangian^ 

- - 5 Jg^M/sM + g'J^ii^. - e Ji;,^^ + gi Jfzo^, (2) 

where g and g' are the SU (2) and U{\)y gauge couphngs, 
W■i^l is the (weak eigenstate) gauge boson associated with 
the third (diagonal) component of SU{2), and B^j^ is the 
U{1)y boson. The currents in the first form are 



i 



(3) 



(7) 



The currents in the new basis are 

i 
i 

with the chiral couplings 

ei(i) = hiL - sin^ 9*, £/?(«) = hiR - sin^ Ow qi- 

(8) 

In the extension to SU{2) x [/(l)y x C/(l)'",n > 1, 
Lnc becomes 



(9) 



a=l 



where 171,^2'^, and are respectively the gauge cou- 
pling, boson, and current of the standard model. Simi- 
larly, ga and Z^^, a — 2 ■ ■ ■ n + are the gauge couplings 
and bosons for the additional C/(l)' s. The currents in 
Eq. [5] are 



^^ = E/'^''[^2(*)^L + 4W^fl]/. 

i 



(10) 



where fi is the field of the i*'* fermion and Pl,r. = (1 T 
7^)/2 are the left and right chiral projections. t^Hj^^t-^ij^) 
is the third component of weak isospin for the left (right) 
chiral component of Ji. For the known fcrmions, t^^u^ = 
huL = +51 hdL = *3e- = ^-iid tsi^ = 0. The weak 
hypercharges yi^ ^ are chosen to yield the correct electric 
charges, 



til 



(4) 



where qi is the electric charge of fi in units of the positron 
charge e > 0. 

Anticipating the spontaneous breaking of SU{2) x 
U{1)y to the electromagnetic subgroup C/(l)eTn (Sec- 
tion [TLB]), the mass eigenstate neutral gauge bosons in 
Eq. [2] are the (massless) photon field and the (mas- 
sive) Z^^ = Zy, where 



= sin0ivW^3p + cos 6*^5^ 
= cos 9 wW3,i^ - sinOwB^, 



(5) 



and the weak angle is 9w = tan ^{g' /g). The new gauge 
couplings are e = g sin 0w and 



gl=g^ +g'^ ^g^/cos"^ 9w 



(6) 



^ We largely follow t he formalism and conventi ons in 
llDurkin and Laneacked . Il986l : iLaneacker and Luol Il992l) . 



The chiral couplings nii), which may be unequal for 
a chiral gauge symmetry, are respectively the U{l)a 
charges of the left and right handed components of 
fermion fi, and 5y^(j) — ± e'R(*) are the corre- 

sponding vector and axial couplings. 

Frequently, it is more convenient to instead specify the 
U{l)a charges of the left chiral components of both the 
fermion / and the antifermion (conjugate) f^, denoted 
Qaf and Q^/c, respectively. The two sets of charges are 
simply related. 



e2(/) = Qc/, 



(11) 



I sin^ 9w and 



For example, in the SM one has Qiu = 

Qiu" = +f sin^ dw ■ 

The additional gauge couplings and charges, as well 
as the gauge boson masses and mixings, are extremely 
model dependent. The gauge couplings and charges are 
not independent, i.e., one can always replace g^ by \aga 
provided the charges Qa are all simultaneously scaled 
by 1/Aq,. Usually, the charges are normalized by some 
convenient convention. 

The three and four point gauge interactions of a com- 
plex SU{2) scalar multiplet ip can be read off from the 
kinetic term L^'" = {D'^cf))'' D^(t). The diagonal (neutral 
current) part of the gauge covariant derivative of an in- 
dividual field di is 



D., 



dn + ieqiA, 



n+l 

+ * E daQaiZ^^ 
a=l 



(12) 
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where Qi and Qai are respectively the electric and U{l)a 
charges of For the SM part, = 0, i, 1, • • • labels the 
SU{2) representation, is the third component of weak 
isospin, the weak hypercharge is iji = Qi — t^i, and Qu = 
t^i — sin^ 9\Y Qi- Thus, for the neutral component (j/^ of 



the Higgs doublet 
2/00 = i. 



one has tj 



B. Masses and Mass Mixings 

We assume that electrically neutral scalar fields ac- 
quire VEVs, so remains massless, while the Z^^ fields 
develop a mass term L^'^"'' = ^M^^Z^^Z^/, where 



'^gaQp QaiQfli\{'t't) 



(13) 



As an example, many U{\)' models involve an SU{2) 
singlet, S, and two Higgs doublets. 



(19) 



with U{iy charges Qs,u,d- Then 

1 



Ml = gliQlWu? + QlWd? + Ql\s?) 



(20) 



where v^a = \/2(0° J, s = ^/2{S), and = (|i.„|2 ^ 
~ (246 GeV)2. ' 
The eigenvalues of a general Aff _2' ^-re 



Mf;^ = M|o would be the (tree-level) Z mass in the SM 
limit in which the other Z'^'s and their mixing can be 
ignored. If the only Higgs fields are SU{2) doublets (or 
singlets), as in the SM or the MSSM, then 



cos^ 



w 



(14) 



where = {4>i 



(V2Gf)"^ ~ (246 GeV)2 



is the square of the weak scale and Gp is the Fermi 
constant. The observed Z mass strongly constrains ei- 
ther hi^h^r^rnensional Higgs VEVs or Z — Z' mix- 
ing ( Yao et "oZI. 120061) ■ but in principle they could com- 
pensate and should both be considered. Allowing a gen- 
eral Higgs structure, one has 



9l 



where 



Po 



hi 



doublets, singlets 



(15) 



(16) 



Diagonalizing the mass matrix Eq. ll3l one obtains n-l-1 
(usually) massive eigenstates Za^i with mass M^, 



Z^ 



n+l 

E 



UapZp 



(17) 



where U is an orthogonal mixing matrix. It is straight- 
forward to show that the mass-squared eigenvalues are 
always nonnegative. From Eq. [9]and Eq. [T7]Zq^ couples 

The most studied case is n = 1. Writing Qi = Q2i, the 
mass matrix is 



M 



Z-Z' 



29lE^thm\' 25152 E.i3.Q.|(0.)P 
A2 Ml J ■ 

(18) 



Ml 



lo + Ml T y^(M|o -A/|,)2 + 4A4 

and U is the rotation 

U = 



cos u sm f 
— sin 9 cos ( 



with 



1 

= — arctan 
2 



2A2 



Ml - Ml 



6 is related to the masses by 

Ml ~ Ml 
Ml ~ M2 • 



tan^e 



(21) 
(22) 

(23) 
(24) 



An important limit is Mz' ^ (Af^o, |A|), which typi- 
cally occurs because an SU (2) singlet field (such as S in 
the example) has a large VEV and contributes only to 
Mz' ■ One then has 



Ml - Ml 



A* 2 



Ml 



Ml 



(25) 



and 



c^^withc^ E.%Q.|(<^.>P 



Ml 91 Ml HAM^W ■ 

(26) 

C is model dependent, but typically |C| < 0(1). From 
Eq. [24ll26l one sees that both \6\ and the downward shift 
[Mzo - Mi)/Mzo are of order Ml/Ml Generahza- 
tio ns of these result s for n > 1 extra C^(l)'s are given 
in (|Langackeii Il984l ). 



C. Anomalies and Exotics 

A symmetry is chiral if it acts differently on the left 
and right handed fermions, and non-chiral (or vector) 



5 



otherwise. Thus, a chiral /7(1)' has Qaf 7^ —Qaf for at 
least one /, which is also referred to as chiral. Even for a 
chiral symmetry, some of the fermions may be non-chiral. 
If a given fermion pair is non-chiral with respect to all of 
the symmetries then an elementary mass term —Lm = 
i^ffhlR + h.c. is allowed, where m/ could be arbitrarily 
large. Such a term is forbidden for a chiral fermion, whose 
mass is only generated when the symmetry is broken. For 
example, if the symmetries allow the Yukawa coupling 



(27) 



where (p is charged under the symmetry, then an effec- 
tive mass Xf{^) is generated when ip acquires a VEV. 
Assuming A/ < 1, mf cannot be larger than the symme- 
try breaking scale {(p). In the SM, the ordinary quarks 
and leptons are chiral under both SU{2) and U{1)y, and 
if is the Higgs doublet. Similar constraints apply to new 
fields occurring in C/(l)' models, which are frequently 
quasi-chiral, i.e., non-chiral under the SM but chiral un- 
der u{iy. 

Consistency of a low-energy gauge theory requires the 
absence of triangle anomalies, including mixed gauge- 
gravitational ones'^. For the SM, the non-trivial condi- 
tions are 



/e3,3* /G2 



(28) 



where the sum extends over all left-handed fermions 
(Yf — Uf^) and antifermions (Yyc = ^Ufa)- The first 
condition is the mixed anomaly; the sum is over color 
triplets and antitriplets in the third [S'[/(3)^y] condition; 
and the sum is over SU (2) doublets in the last [SU{2YY] 
condition. The sum includes counting factors of 3 for 
families, 3 for color triplets, and 2 for SU{2) doublets, 
since SU(S) and SU(2) commute with hypercharge and 
additional 11(1)' s. For example, the second [Y^] condi- 
tion is 



3[6y| + 2Yl + 3r„3. + 3Yl + Y,l] = 0, 



(29) 



where Q and L refer respectively to quark and lepton 
doublets. This is satisfied by a cancellation between 
quark and lepton terms. One also requires the absence 
of an [S'?7(3)'^] anomaly. In the SM this is achieved au- 
tomatically because there equal numbers of quarks and 
antiquarks. With an additional J7(l)' with charge Q2, 
there are additional conditions obtained from Eq. [55] by 
replacing Y by Q2- There are also mixed [FC/(1)'] con- 
ditions J2f = E/ ^'^Qi = 0- For n > 1 additional 
C/(l)' there are similar conditions for every Qp,P > 2 
as well as J2f YQaQp = J2f QaQpQ-t = 0. All of these 



sums include any extra chiral fermions in the theory, such 
as the superpartners of Higgs scalars in supersymmetry. 
Non-chiral fermion pairs cancel. 

Even for a single U{\)' it is easy to show that 
the anomaly conditions cannot be satisfied by the SM 
fermions alone if the U{1)' charges are the same for all 
three families, except for the trivial case Q2 — 0- ( 
Q2 — cY is also possible, but this is equivalent to = 
after performing a rotation on and Z2^.) Thus, al- 
most all U{iy constructions involve additional fermions, 
known as exotics. These may be singlets under the SM 
gauge group, such as a singlet right-handed neutrino, or 
they may carry nontrivial SM quantum numbers. Preci- 
sion electroweak constraints strongly restrict, but don't 
entirely exclude, the p ossibilities of new fermions chiral 
under SU{2) x U{1)y (|Yao et o.ll\mi^ . so such exotics 
are usually assumed to be quasi-chiral, e.g., both left 
and right-handed components might be SU (2) doublets, 
or both might be singlets. A typical example is a new 
S'f7(2)-singlet heavy down-type quark D with = —1/3 
and its partner D'^. 

One can introduce vector pairs that are charged but 
non-chiral under both the SM and U{iy. These do not 
contribute to the anomaly conditions, but contribute to 
the renormalization group equations (RGE) for the gauge 
couplings, and may also be relevant to the decays of ex- 
otics. 

If two U{iy charges Qa.(3 (one of these can be Y) are 
both generators of a simple underlying group, then one 
expects them to be orthogonal, i.e., J2f QafQfSf — 
for a ^ [3, with a corresponding condition for the scalar 
charges. However, this condition need not hold without 
such an embedding or for a more complicated one, or it 
could be violated due to kinetic mixing (Section lILPp . 
Furthermore, all fermions, including the non-chiral ones, 
contribute to the orthogonality condition. In particular, 
an apparent violation of orthogonality could be due to the 
fact that the contributions of a very heavy vector pair (or 
of heavy scalars) have not been taken into account. There 
is always some freedom to perform rotations on the gauge 
fields Z"^, e.g., to make the C/(l)' charges orthogonal (at 
least with respect to the fermions, in a nonsupersym- 
metric theory). However, such a rotated basis may not 
coincide with either the mass or kinetic eigenstates. 



D. Kinetic IVIixing 

The most general kinetic energy term for the two gauge 
bosons and in C/(1)q x J7(1)^ is 



See Section lull for the role of anomalous U(l)' s. 



(30) 

duZ^^. One can put the first 
two terms into canonical form Cq — cp = 1 by rescal- 
ing the fields, and take Cap = sm-X- Since C/(l) field 
strengths are invariant, the cross (kinetic mixing ) term 
does not spoil the gauge invariance l)Holdoml . [T98l . Even 



-'kin 



where F^^^ = 



6 



if X = at tree level, it can be generated by loop ef 
fects if there are particles in the theor y that are simul- 



taneously charged under both ^(iVs (Idel Aguila et 



1988lll995 b':'Bab u et adll9 96'.'l99 ^|Foot and Hel .ll991 



HoldomI , 1 1986; .Matsuoka and Suematsul . Il986l) . The 



mixing term can be cast as a cross term in the renormal- 
ization group equations (RGE) for the gauge couphngs, 
with a coefficient proportional to J2mf<ii QafQpf, where 
fj, is the RGE scale, with corresponding contributions 
from scalars. Even for orthogonal charges the sum at 
lower mass scales may be nonzero due to the decoupling 
of heavy particles. Such RGE effects are usually of order 
a few % in x, but could be large r if there are many de- 
coupled states ( Babu et"all . ll996t) . A non-zero x can also 
be generated by string loop effects in superstring theory. 
These contribution s are small in the h eterotic construc- 
tions considered in ( Dienes et all . \l99T\) . However, if one 
of the U{1) factors is broken in a hidden sector at a large 
scale, the associated D terms could propagate this scale 
to the ordinary sector by kinetic mixing, destabilizing 
the supersymmetry breaking scale and leading to nega- 
tive mass-square scalars (jPienes et al\ .ll997). 

Now, consider the consequences of kinetic mixing for a 
single extra U{iy, i.e., a = 1, P = 2. L^in can be put in 
canonical form (for ci.2 = 1, Ci2 = sinx) by defining 



1 — tan X 
1/ cos X 



\ = V 



7O 



(31) 

where V is non-unitary. In the new Z basis, the mass 
matrix in Eq. [18] becomes V'^ M'^_^,V , which can be 
diagonalized by an orthogonal matrix [/^. Similarly, the 
interaction term in Eq. [9] becomes 



(51 



70 



J' 



^2fj. 



"^2(1 



^2fi 



(32) 



where Z12 are the mass eigenstates. These tran s forma - 
tions are analyzed in detail, in, e.g., ( Babu et aZ.1 . 119981 ). 
The essential feature can be seen for = in Eq. [TBI 
for which 



i.e., the coupling of the heavy boson is shifted to include 
a small component proportional to Ji. The light boson 
couplings are not affected to this order. One must still 
include the further effects of mass mixing (A^ ^ 0). For 



|A2|<|M|„|«|Af|,|and |x| « 1, 



2 9 (A^ 



M|ox)' 



Ml 



ML - 



9^M^ 



where 



(-A2 + Af2 x) 



Ml 



(35) 



(36) 



This is of the same form as Eq. [55] except that the ef- 
fective mixing angle is shifted from Eq. l26l bv the kinetic 
mixing. The interactions are just the rotation by of 
those in Eq. [M] 

In a supersymmetric theory the charges in the U{1)2 
D terms are also shifted, (72Q2 52Q2 — gixQi- There 
can also be kinetic mixing between the f/(l)' gaugi- 
nos ( Suematsul . Il999[ ). with consequences analogous to 
those for the gauge bosons. 



E. One and Two Higgs Doublets, Supersymmetry, and the 
fi Problem 

1. Higgs Doublets 

The standard model involves a single Higgs doublet 
' 6+ \ 

j , which has Yukawa couplings (ignoring fam- 
ily indices) 



(37) 



where Ql = y — y^ry ^'^'^ right- 

handed (SM-singlet) neutrino. The tilde field is defined 
by 



EE ia^S* = 



(38) 



V'^Ml_z,V 



Ml 



-Ml tanx 



-Ml tan X M|o tan^ x + ^z' I cos^ x 



One sees immediately that for Ml = there is a zero 
eigenvalue, even for large Xi i-e., any shift in the lighter 
mass induced by kinetic mixing is proportional to the 
light mass and therefore small. In fact, for |Af|o| <C 



\Mll A' = 0, and |x| 



< 1 one has Aff ^ A/|o 



MIx'^ /Ml , a negligible shift. The only significant effect 
in this limit is that the couplings become 



giJiZif, + {g2J2 - gixJi)Z2f,, 



where cr^ is the second Pauli matrix. It is essentially the 
Hermitian conjugate of 0, but transforms as a 2 rather 
(■33') than a 2* under SU{2), and has y — —1/2. A single 
doublet suffices for the SM, but in many extensions, in- 
cluding supersymmetry and many 1/(1)' models, the 4> 
couplings are not allowed. One must introduce a second 
(independent) doublet 0„, as in Eq. 1191 which plays the 
role of (j), while (jjd plays that of (j). 

In supersymmetric models it is convenient to work 
entirely in terms of (left) chiral superfields, such as 
Q, L,u'^,d'^,e'^ , and the SM singlet i/'^ which is conju- 
gate to vu (we do not distinguish between chiral super- 
(34) fields and their components in our notation - the context 
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should always make the meaning clear). Furthermore, 
supersymmetry (and anomaly constraints) require two 
f H+\ 

Higgs doublets — I ^iU I and Hri 



with 



Yffu d = il/2, defined so that the MSSM superpotential 
is 



(39) 



Doublets are contracted according to HuHd = 
^°'^HuaHdb, etc., where e^^ = — e^^ = 1. The two sets of 
Higgs doublets are related by Hu,d = T'Pu,d- The super- 
potential in Eq. [39] assumes that i?-parity is conserved. 
Some U{iy models enforce this automatically, as will be 
mentioned in Section fill. Bl 



2. Non-Holomorphic Terms 

In some t/(l)' extensions of the MSSM, some of 
the Yukawa couplings in Eq. [32] may be forbidden by 
the U{iy gauge symmetry. In some cases, however, 
the operators involving the wrong Higgs field, such as 
QHudP or LHue~^, may be 11(1)' invariant. Such non- 
holomorphic operators are not allowed in W by super- 
symmetry, but could be present in the Kahler potential, 
where they would lead to correspon ding non-holomorphic 
soft terms (jBorzumati et all ll999l ) for the scalar squarks 
and sleptons. These then lead to fermion masses at one 
loop by gluino or neutralino exchange. However, in most 
supersymmetry breaking schemes it i s difficu l t to g ener- 
ate a large enough effective Yukawa ( Martini . 

[1992D, be- 
cause the non-holomorphic soft terms have an additional 
suppression (compared to the usual soft SUSY break- 
ing scale of MsusY ~ 1 TeV) of Msusr/Mmed, where 
Mjned ^ MsusY IS the SUSY mediation scale (such as 
the Planck scale for supergravity mediation). 



/i through a nonrenormalizable opera tor in the Kahler 
potential (IGiudice and Masierol . Il988l ). It is especially 
useful when an elementary /x term is allowed by the low 
energy symmetries of the theory, but is forbidden by the 
underlying string construction. This mechanism can also 
be used to generate mass for vector pairs in [/(I)' theo- 



III. MODELS 

There are enormous numbers of t/(l)' models, and it 
is only possible to touch on the major classes and is- 
sues here. The models are distinguished by: (a) the cou- 
pling constants ga, which are often assumed to be of elec- 
troweak strength, but could be larger or smaller, (b) The 
U{iy breaking scale. In some scenarios this is arbitrary, 
with no good reason to expect it to be around the TeV 
scale. However, in supersymmetric models it is usually at 
the TeV scale, unless the breaking is associated with an F 
and D flat direction, when it could be much larger. The 
TeV scale is also expected when the /7(1)' is associated 
with alternative models of electroweak breaking. String 
constructions usually imply some Z' s close to the string 
scale, and often involve lighter ones as well. Finally, a 
Z' could actually be lighter than the electroweak scale 
if its couplings to the SM fields are small, (c) Other 
critical issues are the charges of the SM fermions and 
Higgs doublet, and whether the fermion charges are fam- 
ily universal; the type of scalar responsible for the C/(l)' 
breaking; whether additional exotic fields are needed to 
cancel anomalies; whether the theory is supersymmetric 
(so that the Higgs superpartners must be included in the 
anomaly considerations); whether the Yukawa couplings 
of the ordinary fermions are allowed by the C/(l)' sym- 
metry; and whether other couplings, such as those asso- 
ciated with the supersymmetric /i parameter, i?-parity 
violation, and Majorana neutrino masses are allowed. 



3. The jj, Problem 

On e difficulty wi t h the MSSM is the prob- 
lem ( Kim and Nillesl . 11984 ). i.e., the supersymmetric 
Higgs mass ^ in Eq. [3S] could be arbitrarily large, but 
phenomenologically needs to be of the same order as the 
soft supersymmetry breaking terms. In many supersym- 
metric U{iy models this problem is solved because an 
elementary fi term is forbidden by the C/(l)', but a tri- 
linear = XsSHuHd is allowed, where S' is a singlet 
under the SM but charged under the C/(l)'. Then, a 
dynamical effective /ie// = ^5(6') is generate d tha t is re- 



lated to the scale of ^(1)^ breaking (Cvctic et all 1997 



Cvetic and Langackeii ll996at ISuematsu and Yamagishi 
19951 ). as will be further discussed in Section IV. A. 1 



This mechanism c an also be associa t ed wi th discrete or 
other symmetries ( Accomando et al\ . 120061 ) . An alterna- 



tive solution, the Giudice-Masiero mechanism, generates 



A. Canonical Examples 

1. The sequential model 

The sequential Zsm boson is defined to have the same 
couplings to fermions as the SM Z boson. The Zsm is 
not expected in the context of gauge theories unless it has 
different couplings to exotic fermions, or if it occurs as 
an excited state of the ordinary Z in models with extra 
dimensions at the weak scale. However, it serves as a 
useful reference case when comparing constraints from 
various sources. 



2. IVIodels based on T3R and B — L 

One of the simplest and most common classes of 
models involves SU{2) x U{1)3r x U{1)bl, where the 
U{1)3R generator T^u is 5 for {ur,vb), -5 for (dfl,e^). 
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and for Jl] and the U{1)bl generator is Tbl = 
— L), where B{L) is baryon (lepton) number; and 
vji are right-handed neutrinos. (See Table HI) T^ji 
and Tbl are related to weak hypercharge by y = 
T3R + Tbl- T^r occurs in left-right symmetric models 
based on the group Glr = SU[ 2 )l x SU(2)r x U{1)bl 



(for a review, see (iMohapatrj. 120031)) and in S O(10 



i 



models (which c ontain Glr) (|Hewett and Rizzol . Il98 
iLangackeil 1 198 it ). The Higgs doublet (f> can be assigned 
T^R = \ and Tbl = 0. However, in the Glr or 50(10) 
embeddings (or in supersymmetric versions), there are 
two Higgs doublets, (l)u,d, as defined in Eq. [111 with 
T3,R. = Tj- AH of these versions are anomaly- free after 
including the three vr. 

For these models, the fermion neutral current couplings 
are 

- Lnc = g^aiWai + gRJsRWsR + gBLJsLWBL, (40) 

where J3L = J3, J^r and Jrl are the currents corre- 
sponding to T^R and Trl, the g's and Ws are the cou- 
pling constants and gauge bosons, and the Lorcntz in- 
dices have been suppressed. 

We anticipate that U{1)3,r x U{1)bl will be broken 
to U{1)y at a scale Mz' ^ Af^o, so it is convenient to 
first transform the gauge bosons W^r and Wbl to a new 
basis B and .2°, where B is identified with the SM U{1)y 
boson. 



-Lnc = 3 JslW^sl + g'JvB + 52^2^2 

= eJemA + ffl Jl^i + .92^/2^2' 



(41) 



as in Eq. [9l Let us first assume that the gauge kinetic 
terms are canonical, i.e., with unit strength and no ki- 
netic mixing, so that orthogonal transformations on the 
three gauge bosons will leave the kinetic terms invariant. 
Taking B = cos 7 W^r + sin 7 Wb l and choosing 7 so 
that B couples to g'Y, one finds 1/5'^ — l/gj^ + 1/5^lj 
and that the orthogonal gauge boson = sin7 Wa^, — 
cos 7 Wb l couples to the current J2 associated with the 
charge 



)LR. 



o^TsR Tbl 

a 



(42) 



where 



gsL 



(43) 



with K — gR,/g. The coupling has been normalized to 



52 



-g tan 9w 



0.46 



(44) 



for later convenience. 

One interesting case is when Glr. survives down to 
the TeV scale. This is usually studied assuming a left- 
right sy mmetry und e r the interchange of the two SU (2) 
factors (jMohapatral l2003l ). in which case gR = g and 



a ~ 1.53 for sin 0w 0.23. Two forms of the model 
are often considered. In both cases, the Higgs doublets 
(j)u.d responsible for fermion mass transform as (2, 2)o 
under SU{2)l x SU{2)r, where the subscript is the 
Tbl charge. In one class, an additional doublet pair 
Sr l transforming as (1,2)^/2 + (2, 1)1/2 is introduced, 
with the VEV of 5^ breaking Glr to the SM. In the 
other, one instead introduces a triplet pair Ar^l trans- 
forming as (1,3)1 + (3,1)1. The A^j VEV not only 
breaks Glr but also leads to a large Major ana mass 
for the i^R and therefore a small pl mass by th e see- 
saw mechanism ( Mohapatra and Senianovi3 . Il980^ . The 
low-scale left-right model also implies a new which 
couples to right-handed currents and can mix with the 
SM . Strategies for determi ning the symmetry b reak- 
ing pattern were described in ( Cvetic et all . Il992l ). and 
limits on the charged sector masses and mixings for 
ge neral models without left-right symmetry ar e given 
in ( Langacker and Uma SankaiT Il989l : lYao et a/.l . [2006'). 

The simple forms of the (supersymmetric) left-right 
model are not consistent with gauge unification unless 
the SU{2)r breaking occurs at a much higher scale 
(e.g., 10^^ GeV). Such a large scale is also required 
by current allowed ranges for the neutrino masses in 
the triplet versions. In some cases, the initial break- 
ing can leave C/(1)3_r x U{1)bl unbroken. Realistic 
5*0( 10) breaking patterns suggest a in the range 0.7 — 
0.9 (|Robinett and Rosned . Il982bt) . An important spe- 
cial case is the x model, which occurs when 50(10) 
breaks directly to 5C/(5) x [/(l)^- This corresponds to 
Eq. [15] for K = 1 and sin^ 9w =3/8 (which is the value 
predicted by 5J7(5) at the unification scale), leading to 
a = ^2/3 ~ 0.82. 

A generalization of this type of model is based on 
SU{2) X U {1)y X U (1)2, where Q2 is a linear combination 



Q 



YBL 



aY + bTBL = b(zY + Tbl) 



(45) 



where b ^ 0. It is convenient to normalize b so that 
the coupling g2 is given by Eq. [44l or alternatively one 
can choose 6 = 1 and take (72 to be arbitrary. The 
U{1)3R X U{1)bl limit in Eg . corresponds to choos- 



b^z{l + z) ^ -3/5 with a = ^hjZbz. Q 



YBL 



IS 



anor naly free for the standard model fermions (including 
Vr) (jWeinbergj . Il995l ). Y and Q^^^ are non-orthogonal 
(i.e., YfQj^^ ^ when summed over a family of the 
known left-handed fermions and antifermions), except for 
the special case of U{1)3r x U{1)bl, but it could come 
about by a more general embedding of the generators or 
by (possibly large) kinetic mixing, as discussed in Sec- 
tion [iLCl The pure B — L model {z = 0) is often stud- 
ied phenomenologically, and has the property that the 
ordinary Higgs doublets do not induce Z — Z' mixing. 
The mode ls in this class have be en systematically dis- 
cussed in (jAppelguist et all . |2003| ) , including generaliza- 
tions with an arbitrary number of vr with nonuniversal 
charges. 

This entire class of models based on T^r and Tbl (or Y 
and Tbl) is perhaps less interesting in a supersymmetric 
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context, because the two supersymmetric Higgs doublets 
form a vector pair with Tj,ji = ±i and Tg^ — 0. 
Therefore, an elementary /i term in Eq. [39] is not for- 
bidden by the extra 11(1)'. Similar difhculties apply to 
the SM singlet supermultiplcts that are needed to break 
the U{iy , since they would most likely be introduced as 
non-chiral vector pairs to avoid anomalies. (One could 
instead give large VEVs to the scalar partners of the v"^, 
but this would break i?-parity and would be challenging 
for neutrino phenomenology.) 



TABLE I Charges of the left-chiral components of the 
fermions in the models based on T^r and Tbl = {B — L)/2. 

The charges are normalized so that g2 = \J^g ta,n 6w ■ Q^^ 

is defined in Eq. ^ and Q^^^ = h{zY + Tbl)- 



IS a 

special case of for h^z{l + z) = —3/5. a and (6, z) are 

free parameters, with a = 1.53 for left-right symmetry and 
a ~ 0.7 - 0.9 for most SO(IO) models. 







Tbl 


Y 






Q 

ul 
dl 
Ll 
el 
yl 




1 

2 

1 
2 



1 

2 

1 
2 


1 

6 

1 
6 
1 
6 
1 
2 

1 

2 
1 
2 


1 

6 

2 
3 

1 
3 

1 
2 

1 




]_ 

2 ^ 6ci 

Q 1 1 

2 6q 
1 

2a 
a 1 
2 2a 
a 1 
2 7.a 


1(^ + 1) 

3^ 6 

1 

2 



3. The iSe models 

Many Z' studies focus on the two extra ?7(1)' s 
which occur in the decomposition of the E^b 
GUT (iHewett and Rizzol. 1 19891 iLangacker et al\ . 11984 
iRobinett and Rosneiill982al) . i.e.. 50(10) x U{1)^ 

and 50(10) ^ SU{5) x U{1)^. We consider them only 
as simple examples of anomaly- free U{iy charges and 
exotic fields, and do not assume a full underlying 
grand unified theory. In Eq, each family of left-handed 
fermions is promoted to a fundamental 27-plet, which 
decomposes under Eq 50(10) SU{5) as 

27 ^ 16 + 10 + 1 ^ (10 + 5* + 1) + (5 + 5*) + 1, (46) 

as shown in Table HTl In addition to the standard model 
fermions, each 27-plet contains two standard model sin- 
glets, v'^ and S (which may be charged under the J7(l)'). 
The i/'^ may be interpreted as the conjugate of the 
right-handed neutrino. There is also an exotic color- 
triplet quark D with charge —1/3 and its conjugate 
D"^, both of which are SU{2) singlets, and a pair of 

/ H+ ^ 

color-singlet 5[/(2)-doublet exotics, = 



h2 



and 



same way as = the (tilde) conjugate of un- 
der the SM. The exotic fields are all therefore singlets or 
non-chiral under the standard model, but may be chiral 
under the f/(l)'. 

The Eq models can be considered in both non- 
supersymmetric and supersymmetric versions. In the su- 
persymmetric case, the scalar partners of the S and i>'^ 
can develop VEVs to break the C/(l)' symmetry, though 
the latter (as well as a VEV for the scalar partner of 
the u) would break i?-parity and may be problematic 
for neutrino phenomenology. Similarly, the scalar part- 
ners of one Hu^d pair can be interpreted as the two Higgs 
doublets of the MSSM. The two additional Hu^d families 
may be interpreted either as additional Higgs pairs or as 
exotic-leptons (Hd has the same SM quantum numbers as 
an ordinary lepton doublet, while would be conjugate 
to a right-handed exotic doublet). 

Table HI] also lists the U{l)x and C^(l)^ charges of the 
27-plet. By construction, the fields in an irreducible rep- 
resentation of 50(10) (5C/(5)) all carry the same tp (x) 
charges. Most studies assume that only one Z', coupling 
to the linear combination 



QiOse) = COS 9 EeQx + sin 



(47) 



where < 9 Eg < tt is a mixing angle, is relevant at 
low energies. (One can also include a kinetic mixing 
correction —eY to the effective charge, as in Eq. [34| . 
As discussed in Section IIII.A.2[ the x niodel {9Ee ~ 0) 
is a special case of the T^n and B — L models, sup- 
plemented with additional exotic fields in the 10-1-1 
of 50(10). Since the latter are non-chiral in this case 
they may be omitted, or one or more lO's may be in- 
troduced as Higgs fields. The if) model {9es = 7r/2), on 
the other hand, has chiral exotics and requires the three 
full 27-plets. Using Eq. [ll] one sees that the currents 
of the fields in the 16 and 10 have purely axial cou- 
plings to the Z^ (this only holds for the v if it pairs with 
the u'^ to form a Dirac fermion). Another commonly 

studied case is the rj model, Qn — ~ \f^Qi> — 

—Q{6e6 = tt — arctan \/5/3 ~ 0.7l7r), which occurs in 
Calabi-Yau compactifications of the heterotic strin g if 
Eq breaks directly to a rank 5 group ( Wittenl . 1 1985 ^ via 
the Wilson line (Hosotani) mechanism. The inert model, 
Qi = —Q{0Ee — arctan a/3/5 ^ 0.2l7r), has a charge or- 
thogonal to Qri and follows from an alternative Eq break- 



Hd 



H'd 



with UHu d = ±1/2. Hd transforms the 



ing pattern |Robinett and Rosneil . [T982a ). In the neu- 
tral N model (9e^ = arctan vTS ~ 0.4 27r) (iBarger et"aLl . 
120031: iKang et all l2005bl : iKing et all 120061: iMal . Il99l ^. 
the f'^ has zero charge, allowing a large Majorana mass 
or avoiding big bang nucleosynthesis constraints for a 
Dirac as discussed in Section fV.FI It essentially inter- 
changes the assignments of the 5 and z/"^ and of the two 
5* representations (which have the same standard model 
quantum numbers) with respect to the x model, and 
is b asically the s ame a s th e alter native left-right model 
in (jBabu all . Il987t iMal . Il987l ). The s ecluded sec- 
tor model {9Ee = arctan(-\/T5/9) ~ 0.137r) (jErler et all . 
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|2002| ) will be discussed in Section UlLRSl 

The Eq models allow the Yukawa couplings needed 
to generate masses for the standard model and exotic 
fermions. In particular, in the supersymmetric case the 
superpotential terms 



W = -hdQHdd" + KQH^u' 
+ XsSHuHd + XdSDD^ 



heLHdC^ 



(48) 



are all allowed, where family indices have been neglected. 
(In the non-SUSY case, two Higgs doublets, analogous to 
Hu and iJ^, are required.) From Eq. [35]we see that the 
Eq models all allow a dynamical /^e//, while an elemen- 
tary is forbidden in all but the x model. 

The supersymmetric E^ model with three 27-plets can 
incorporate one or more pairs of Higgs doublets H^^d in 
the 5 + 5* pairs. However, that version of the model is 
not consistent with the simple form of gauge unification 
observed in the MSSM for the SM subgroup. That is be- 
cause the complete extra 5-1-5* multiplets give equal con- 
tributions to the SU{i), SU{2), and U{1)y P functions at 
one loop, so the unification conditions are similar to the 
MSSM with 3 families but no Higgs pair. Unification can 
be restored by introducing an a nd H^, pair from an in- 
comp lete 27 + 27* representation ( Langacker and Wand . 
Il998l ). (The physical could either be this one or from 
the complete 27-plets.) This pair is completely non- 
chiral, so it does not introduce any anomalies, but at 
the cost of introducing a rather arbitrary aspect to the 
model. Also, there is no obvious reason (excep t perhaps 
the mechanism in (|Giudice and Masierol [19881 )) why this 
extra pair should be at the electroweak or TeV scale, 
reintroducing a form of the /i problem. Nevertheless, the 
unification of the SM gauge couplings and the unifica- 
tion scale Mx are then the same as in the MSSM at one 
loop, though the value of the gauge coupling at Mx is 
increased because of the extra exotics. 

If the U{iy really derives from an i^g-type GUT 
which breaks directly to 5'C/(3) x SU{2) x U{1)y x C/(1)', 



one expects that g2 = 



3^ 



at the unification scale, 



where yfff' is the GUT-normalized hypercharge cou- 
pling. Running down to the TeV scale, this implies 



92 = \l |gtan6'u/Ay^ 



(49) 



1/2 

where \g '-^ 1 up to a (0£;g-dependent) correction of a 
few % due to the U{1)' charge of the incomplete 27+27*. 
Eq. |49] can be taken as a definition of \g for an arbi- 
trary model. It is typically of order uni ty even for more 
complicated Eq breaking patterns (Robin ett and Rosneij , 
Il982a( ). and was taken to be unity by construction for the 
Glr model. 

In a full Eq grand unified theory the exotic Z), D"^ part- 
ners of the Higgs doublets would have diquark Yukawa 
couplings such as Wdq ~ DQQ or D'^u'^cP, as well as 



leptoquark couplings Wlq ~ Du^e'^ or D^QL, which 
are related by Eq to the ordinary Higgs Yukawa cou- 
plings. These would lead to rapid proton decay medi- 
ated by the D and D'^ unless their masses (and therefore 
the U{iy breaking scale) is comparable to the unifica- 
tion scale. A TeV-scale Z' therefore requires that the 
GUT Yukawa relations are not respected, so that either 
the leptoquark or the diquark couplings (or both) are 
absent. This could come about in a string construction 
if the fields in the multiplet are not directly r elated to 
each other i n the underlying theory (see, e.g. , (IWittenl . 
1200 iD l. See (iHowl and Kingl . 120081 : King et aLl . l2006D for 
a detailed study of complete Eq models with a low energy 
U{iy. Alternatively, one can simply view the charges and 
exotics as an example of an anomaly-free construction. 



B. Anomaly-Free Sets 

Many authors have described classes of (7(1)' mod- 
els by requiring the cancellation of anomalies and 



other criteria (lAt)t)elQuist et all 2003; Barr et a/.l. Il98£ 


Batra et al. l2006l Carena et all 


2004 Cheng et al. 


1998, 119991: Cvetic et al. 


1997, 


Demir et all 


2005 


Erleil I2OOOI: JoshiDura et al. 


. I2OOC 


Kang et all 


2008 


Langacker et all '2008': Lee et all l2008b; Ma. 


2002 



Morrisscv a nd Well s. 200^ Usually some conditions are 
applied on the types of exotics. It is usually assumed 
that any exotic fermions are non-chiral under the stan- 
dard model, i.e., that they occur in vector pairs ^f) + ip'^. 
This avoids the introduction of any SM anomalies and 
also red uces the sensitivit y to precision electroweak con- 
straints ( Yao et g/] . l2006t ). One can then constrain the 
exotic representations with respect to the SM and their 
U{iy charges from the mixed SM-C/(1)' conditions 



/G3,3* 



/e2 



(50) 

The pure J7(l)' conditions J2fQ2f — J2fQ2f — fur- 
ther restrict the charges. Alternatively, some authors 
ignore the latter because they can be satisfied by adding 
SM singlets to the model. This can always be done 
with rati onal charges' ^ if the mixed anomaly solutions ar e 
rational (" Batra et all l2006l : iMorrissev and Wellsl . |2006[ ). 
However, because of its cubic nature the singlet structure 
is sometimes complicated. 

In non-supersymmetric models it is often assumed that 
the only chiral fermions are the three ordinary families 
and 3 corresponding families of exotics. This assumption 
is often not valid in supersymmetric models, where one 
must also take into account the fermionic partners of the 
Higgs doublets and of the SM singlets which break the 



^ One expects the charges to be rational if the (7(1)' is embed- 
ded in a simple group, but this need not be the case for more 
complicated embeddings, such as the SM couplings in Eq. |8] 
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TABLE II Decomposition of the Ea fundamental representation of left-handed fermions 27 under 5*0(10) and SU{5), and 
their U{l)x, U{1)^, (7(1),,, inert 17(1)/, neutral- A*' U{1)n, and secluded sector U{l)s charges. A general model in this class has 

charge Q2 = cosOe^Qx + sin^^gQi/j — , where e can result from kinetic mixing, and coupling (72 ~ y^fftan^n/Ay^, where 

\g is usually of 0(1). 



50(10) 


5(7(5) 


2\/T0Q^ 






2Qi 


2^Qn 


2\/T50s 


16 


10 (^t,d,^t^e+) 


-1 


1 


-2 





1 


-1/2 




5* {d", u, e~) 


3 


1 


1 


-1 


2 


4 






-5 


1 


-5 


1 





-5 


10 


5 (D, H^) 


2 


-2 


4 





-2 


1 




5* (^)^i^d) 


-2 


-2 


1 


1 


-3 


-7/2 


1 


1 5 





4 


-5 


-1 


5 


5/2 



[/(I)'. These, as well as other exotics, often do not occur 
in three families (exceptions are the iJg models, where 
they do occur in three families, and the T^r^ B — L mod- 
els, where the Higgs doublets and singlets are usually 
non-chiral) . 

Another issue in the supersymmetric models is whether 
the MSSM unification of the SM gauge coupHngs is pre- 
served. The simplest way for this to occur is for the 
three SM families, which transform as 10 -I- 5* under 
SU{5), and the two Higgs doublets Hu^d, are supple- 
mented by exotics which transform as 5-1-5* and/or 
10 + 10*. It is not necessary for the fields in a SU{5) 
multiplet to have the same (7(1)' charges (e.g., they may 
have different origins in an underlying string theory) , and 
in fact under minimal assuniptions they must be differ- 
ent (jMorrissev and Welld . |2006j) . An alternative is to al- 
low non-chiral exotics, as in the Ee models, reintroducing 
a form of the /i problem. 

Other conditions are often employed along with the 
anomaly and unification constraints. These may in- 
volve the existence of quark and lepton Yukawa cou- 
plings for one or two Higgs doublets, constraints on neu- 
trino mass, Yukawas that can lead to masses for the ex- 
otics, operators that can allow exotic decays, whether the 
charges are family universal, whether the (7(1)' solves 
the supersymmetric fi pro blem, whether it forbids im- 
parit y vio l ating operators ( Erleii [2OO0I : I Joshipura et aZI . 
I2OOOI: iMal. 120021) or other operators relevant to proton 
decay ( Chamseddine and DreineJ . Il995t ICoriano et all 
\2004. iLee et all l2008allbl ). whether it plays the role of 
a family symmetry relevant to the fermion masse s and 
mixings (| Joshipura et o/.l . l2000l: [Kaplan et aLl . ll999l ). and 
many other possible conditions. 

The Q^^^ models of Section im.A.2i which do 
no t require any exotics o ther than vn, are discussed 
in ( Appelguist et a^ll2003l ). Four one-parameter families 
of models with three fam ilies of exotics were constructed 
m (jCarena et all \2004 i. Two of these, referred to as 
q + xu and 10 -I- x5* are equivalent to the Q^^^ and the 
Eq model QidEe), respectively, while the others [B — xL 
and d — xu) , have not emerged from other considerations 
for general x. The 10 + x5* and d—xu would require two 



Higgs doublets to have normal quark and charged lepton 
Yukawas. 

The most systematic classifica tion o f the supersym- 
metric models is given in terleii l2000( l. which requires 
anomaly cancellation, minimal gauge unification with no 
non-chiral states, exotic masses, and the absence of rapid 
proton decay or fractional electric charges. Classes of so- 
lutions were found, which required that more than one 
SM singlet participates in the (7(1)' breaking. A par- 
ticularly simple one is the model. It involves two 
5 -f 5* pairs (A + U) and (Uf + L^),i = 1,2, which 
are analogous to the (D, iJ„) and (D°, Hd) of the Eq 
model, along with and the three SM families. The 
(7(1)' symmetry is broken by the VEVs of two singlets, 
S and Sd, which also generate masses for the H^^d and 
U,Lf {{S)) and for D„D^ {{Sd))- Additional singlets 
are needed for the (7(1)' anomalies. The charges are 
listed in Table [TTTl The fermion currents are purely axial. 
It is straightforward to generalize the model to Qss* , 
which allows non-axial charges and nss* pairs of 5 -|- 5*. 
Three distinct chiral singlets must acquire VEVs to gen- 
erate all of the exotic masses, except for ^55* = 2 or 3. 
Additional SM singlets are needed for the (7(1)' anoma- 
lies and to generate singlet masses. The gauge coupling 
52 is arbitrary. 

It was shown in ( Demir et al \ l2005^ that anomaly- 
free supersymmetric models can be constructed without 
any exotics (not even v'^) and only one singlet S (which 
generates a dynamical ^leff) provided one allows family 
non universal charges ( an early example was also given 
in ( Cvetic et all Il997l )). It is possible to choose the 



charges to avoid flavor changing neutral current (FCNC) 
effects (see Section IV. Pp . However, the (7(1)' forbids 
some of the quark and lepton Yukawa interactions in the 
superpotential. These could possibly be generated by 
non-holomorphic soft terms, as described in Section FlLEI 



C. TeV Scale Physics Models 

In this section we briefly consider various models in- 
volving new TeV scale physics, especially those motivated 
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TABLE III Examples of supersymmetric models consistent 
with minimal SM gauge unification. Wss* is the number of 
pairs of 5 + 5*. Qs is taken to be 1. The free parameters are 
Qhu = x,Qq = y,QD = z (which only affects the exotics), 
and the gauge coupling gi. Kinetic mixing can be added. The 
model is a special case with axial charges and 7155. = 
2. Additional SM singlets are not displayed. The v'^ charge 
allows a Dirac v mass term. 







Qf 




Q55* 




Q 


y 


1/4 


Hu 


X 


-1/2 




-x-y 


1/4 


Ha 


~l~x 


-1/2 


(f 


1 + X — y 


1/4 


Sd 


3/n55' 


3/2 


L 


l~3y 


1/4 


D, 


z 


-3/4 


e+ 


X + 3y 


1/4 


Dt 


— 3/n55' — z 


-3/4 




— 1 — X + 3y 


1/4 


Sl 


2/7755. 


1 


S 


1 


1 




^-j^ + X + 37/ + Zz/2 


-1/2 








LI 


—2/7755. — Qhi 


-1/2 



as alternatives to the elementary Higgs for electroweak 
symmetry breaking. 

As a preliminary, consider a direct product of two iden- 
tical gauge group G = Gi x G2, with generators Ti_2 and 
associated currents Ji 2- Then 



L = giJi ■ Wi +52J2 • W2. 



(51) 



G can be spontaneously broken to the diagonal subgroup 
G D with generators To = T1+T2 if there is a Higgs field 
which transforms equivalently under both groups. An ex- 
ample is SU{N) X SU{N), with a Higgs (p" transforming 
as N* X N, with {(p^) = cS^- It is then straightforward 
to show that 

-L = gL{Ji + J2)-WL + gL (cot 5Ji - tan SJ2) ■ Wh , (52) 

where Wl — sni6Wi+cos5W2 is the massless boson, Wh 
is the massive orthogonal combination, tan 5 = 52/51, 
and 5l = 5i sin (5. Wl can acquire mass and Wl,h can 
mix due to additional Higgs fields. A simple illustration 
is the SM breaking of C/(1)t3 x C/(l)y to C/(l)e,„ by the 
ordinary Higgs doublet. 



Littlest Higgs models ("Arkani- Hamed e~ l2002f) the 
electroweak gauge group is [SU{2) x ?7(1)]^, which is a 
subgroup of a larger global group. The SM left-handed 
fermions are charged under only the first SU{2). The 
SU(2)'^ symmetry is broken by a condensate charged un- 
der both factors to an unbroken diagonal subgroup, and 
the C/(l) charges are chosen to yield U{1)y x U{1)h, 
where Y is the normal hypercharge. Thus, the residual 
gauge group is SU{2) l x U{1)y x SU{2) h x U{1)h- From 
Eq. [521 the heavy charged and neutral couple to 
the left-handed SM quarks and leptons with the SU {2)l 
generators t/2 and with coupling gcotS. The neutral 
U{1)h boson is lighter, with model dependent couplings. 
Precision electroweak constraints are rather severe, un- 
less one pushes the Little Higgs scale to be uncomfortably 
large compared to the original motivation. However, the 
difficulties can be reduced if the U{1)h is not gauged. 

The precision electroweak constraints arc greatly weak- 
ened (they are only generated at loop level) if one in- 
troduces a discrete symrn etry, T-parity ( Cheng and Lowl . 
I2OO3I : iHubisz et aZ.I . I2OO6I ) . This is analogous to i?-parity 
in supersymmetry, and requires that the heavy states, 
such as the new gauge bosons, only couple in pairs to the 
ordinary particles. This also means that they must be 
pair produced at colliders. The lightest could be stable 
and possibly be a dark matter candidate. However, it 
has recently been argued that the T- parity may be bro- 
ken by anomalies ( Hill and Hil]| . l2007[) . leading to decays, 
e.g., into ZZ. 

In the Twin Higgs model ( Chacko et all . l2006t) the 
Higgs quadratic divergences are canceled by particles 
from a hidden sector that is a mirror of the SM and which 
mainly communicates by an extended Higgs sector. The 
gauge bosons in the hidden sector may essentially decou- 
ple from the SM particles and could even be massless, 
while in other versions there may be kinetic mixing with 
the photon. 

In the Un-unified model ( Georgi et aLl . llQQOh . the left- 
chiral SM quarks and leptons transform under distinct 
SU{2) groups SU{2)q and SU{2)i with gauge couplings 
(7g^;, i.e., they are not unified. There is a single con- 
ventional U{1)y- After diagonal breaking, one recov- 
ers the SM along with heavy W^"^ which couple to 
g{coi5Jq — tan (5 J/) using Eq. [52l For small tan 5 the 
heavy bosons couple mainly to quarks. 



1. Little Higgs, Twin Higgs, and Un-Unified Models 



2. Extra Dimensions 



In Little Higgs models ( Arkani-Hamed et al\ . l2001al ) 
the Higgs is a pseudo-Goldstone boson of an approx- 
imatc global symmetr y. (F or reviews, see (|Han et all 
[2003, 2006; Pcrclstein, i2007D.) The one-loop (and some- 
times two-loop) quadratic divergences in the Higgs mass- 
square are cancelled by new TeV gauge bosons, fermions, 
and scalar particles related to those of the SM. There 
are a wide class of models, all of which involve heavy 
neutral and charged gauge bosons. For example, in the 



The existen ce of extra dime nsions is suggested by 
string models ( Antoniadisl . Il990l ). There are a wide vari- 
ety of models, depending on their number, size, whether 
they are flat or warped, whether the SM fields are al- 
lowed to propagate in the e xtra dimensions (i.e., in the 
hulk), etc. For a review, see (lYao et aZ.l . l2006l) . 

The simplest case involves a single extra dimension 
of radius i?, implying the existence of Kaluza-Klein ex- 
citations of the states that can propagate in the bulk. 
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with mass ~ n/R,n =!,•••. If only gravitons prop- 
agate, then R can be large enough to probe in labo- 
ratory gravity experiments. However, if the SM gauge 
bosons are also allowed to propagate, then must be 
larger than ©(TeV) (R < 10^^^ cm). If the SM fermions 
and Higgs are not allowed to propagate (i.e., confined to 
the brane), then the excitations of the SM gauge bosons 
{yV^,Z,A, gluon) couple to the same currents as their 
SM coun terparts, but with a coupling constant larger 
by y 2 (jCasalbuoni et al\ . Il999t iMasip and Pomaroli 
Il999l ). Current exper i menta l limits require R~^ > 
7 Te V (jBarbieri et al I 12004 ICheung and Landsberd . 
I2OO2I ). The limits are much weaker (0(300 GeV)) in 
universal extra dimension models, in which all of the SM 
fields propagate uniformly i n the b u lk (lAppelauist et al. 



2OOII: lAppelauist and l2003t ICheng et all 12002 : 



Gogoladze and Macesanul . 20061 ). Similar to R or T 



parity, there is a i^T if -parity so that the n — 1 states can 
only be pair produced and only contribute to electroweak 
observables in loops. The lightest is stable. In variants in 
which the various quarks and leptons are localized in dif- 
ferent parts of the extra-dimensional space (with implica- 
tions for the flavor problem) the couplings of the Kaluza- 
Klein excitations are family nonuniversal (since the over- 
lap of the wave functions depends on l ocation). This 
leads to the possibility of FCNC effects (jPelgado et al\ . 
|2000D . as discussed in Section IV. Dl 

Mod els involving wa r ped extra dimen- 
sions (iRandall an d Sundruml . Il999l ) may have all of 
the SM fields confined to the infrared brane. However, 
much attention has been devoted to the possibility that 
the SM fields other t han th e Higgs can also propagate 
in the bulk (Agash c all [2003, 2007i; ICarena all . 
l2003al : iHewett et al\ . |2002| ). e.g., because in that case 
the theory is related to t echnicolor models by the 
AdS/CFT correspondence (|Maldacenal . Il998t) . It is 
then useful to enhance the electroweak gauge sym- 
metry to SU{2)l X SU{2)r X U{1)b-l to provide 
a custodial symmetry t o prot ect the electroweak p 
parameter (|Agashe et alt 120031 ). The Kaluza-Klein 
excitations of the gauge bosons couple mainly to the t 
and h due to wave function overlaps, and decays to WW 
and Z+ Higgs are also possible due to mixings (see, 
e.g., (|Agashe et aUl2007[ )). 



3. Strong Dynamics 

There have been many models in which strong dynam- 
ics is involved in electroweak symmetry breaking, which 
often involve additional elementary gauge bosons or com- 
posite spin-1 states, which may be strongly coupled. 

Dynamical symmetry breaking (DSB) models 
in which the Higgs is repla ced by a fermi on con- 



densate are reviewed in (IChivukula et al\. 2004 ; 



Chiyukula and Simmonsl . 120021 : 
20031 ). For example, topcolor 



Hill and Simmons 



models iHill, 119951) 



pie preferentially and with enhanced strength to the 
third generation and which assist in forming a top 
con densate. Nonuniversal e x tende d technicolor mod- 
els ( Chivukula and Simmond . |2002| ) also feature new 
gauge interactions preferentially coupled to the third 
family. 

The BESS (Brea king Ele ctroweak Symmetry Strongly) 
models (jCasalbuoni et all [r985. J9871) are effective La- 
grangian descriptions of models with a strongly interact- 
ing longitudinal gauge boson sector, such as one expects 
in the large AIh limit of the SM or in some forms of 
DSB. There are vector and axial bound states which can 
mix with the W^jZ, and A. They interact with the SM 
particles directly and by mixing. The possibility that 
the electroweak bos ons could be composite has also been 
considered (Baur et all |198<D . 

Another int eresting mod e l with no elementary or com- 
posite Higgs (ICs aki et all 12004 ) is a variant on the 
warped extra dimension scenario. However, instead of in- 
cluding a Higgs field the electroweak symmetry is broken 
by boundary conditions. The Kaluza-Klein excitations of 
the gauge bosons unitarizc the high energy scattering of 
longitudinal gauge bosons. More general classes of Hig- 
gless models may involve fermiophobic Z' which may be 
pr oduced and dete cted by their couplings to the W and 
Z (|He et a/.l . [200l . 



D. Non-Standard Couplings 

Most of the canonical Z' models assume electroweak 
scale couplings, and that the Z' couplings to most or all 
of the SM fermions are of comparable strength and family 
universal, in which case existing experimental constraints 
require masses not too much below 1 TeV (Section IIVI) . 
However, there are many models with different assump- 
tions concerning the gauge couplings, charges, and scales. 



1. Decoupled Models 



Leptophobic Z' s ( del Aguila et a/.l . ll987a[ ) do not cou- 
ple to ordinary neutrinos or charged leptons, and there- 
fore most direct electroweak and collider searches are 
insensitive to them. They could emerge, e.g., in the 
Eq ri model in Table |IIJ combined with a (large) ki- 
netic mixing (|Babu et al. 



T99I 



m a 



typically involve new gluons and a new Z' that cou- 



flipped SU(5) model ( Lopez and Nanopoulod . [T997^ : or 
in m odels in which the Z' coup les to baryon num- 
ber (jCarone and Muravamal Il995i ). Approximately 
leptophobic models were once suggest ed by apparent 
anomalies in . Z bb decays (see (jRosneil . Il996bt 
lUmeda et al\ . Il998| l for references), but are still an in- 
teresting possibility for allowing Z' masses much smaller 
than a TeV. A purely leptop hobic Z' is stil l constrained 
by Z — Z' mixing effects ( Umeda et al\ . Il998f ). and 
could be inferred by collider signals s uch as the pro- 
duction of tt pairs, exotics ( Rosneil . Il996bl ). or the 
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same-sign dilep ton decays of a pair of heavy Majo- 
rana neutrinos (Idel Aguila and Aguilar-Saavedral 120071 : 



iDuncan and Langacker . 1986| ). The y could even be hght 
enough to be produced in T decays ( Aranda and Caronel 
IT998.) . 

Limits are also weak, e.g., if t he Z' couples only to the 
second and third family leptons (jFoot a/.'. 1994*) or if it 



coup les only to third family fermio ns (lAndrianoy et al 



19981). In fermio phobic models ( Barger et all ll98C : 



Donini et all . Il997t ) there are no direct couplings of the 



Z' to the SM fermions, although they may be induced by 
ordinary or kinetic mixing. An interesting possibility is 
that such fermiophobic Z' may couple to a hid den sec- 
tor (jChang et a^.! . 120061 : IXmnar and Weiii . l2006t) . such as 



may be associated with supersymmetry breaking. Mix- 
ing effects could therefore possibly be a means of probing 
such a sector (direct Z' couplings to a hidden sector are 
considered in Section IV.Ep . Finally, a Z' with canonical 
charges could still be much lig hter than a TeV if i ts gauge 
coup l ing is sufficiently small (iFaveti Il980l . 120071: iFreitad . 
120041: iNelson and Walshl . 12008) ! 



3. Family Nonuniversal Models 

Another varian t is the possibility o f family nonuniver- 
sal charges (e.g., (jPemir et aLl . 120051 )). A number of ex- 
amples of Z' coupling preferentially to the third family or 
to the t quark were mentioned in Sect ions 11110211111.0. 31 
and llll.DTl These could have enhanced gauge couplings, 
and could be observed as a resonance in ti production. 
String-derived Z' s often have nonuniversal couplings as 
well (Section llII.F|) . as do the Kaluza-Klein excitations in 
extra-dimensional theories in which the fcrmion families 
are spatially separated fSection llII.C.2p . Possible FCNC 
effects are considered in Section rV.DI 



E. U{iy Breaking Scales 

Most attention is given to possible electroweak or TeV 
scale Z' s, but there are other possibilities. Here we de- 
scribe massless, TeV scale, and intermediate scale mod- 
els. Models involving the GUT or string scales are de- 
scribed in Section UlI.FI 



2. Stuckelberg Models 

It is possible to write a. U{1) gauge invariant theory 
with a massive gauge boson by the Stiickelberg mech- 
anism ( Stueckelberd . Il938l ). The Lagrangian is 



L = -^C^^C^, - ^{mC' + d^a){mC^ + d^a), (53) 



where C^i, is the field strength tensor. Under a gauge 
transformation, AC^ = 9^/3, while the field a is shifted. 
Act = —m(3, analogous to the shift in an axion field. 
A gauge-fixing term can be added to Eq. [53] which can- 
cels the cross term between C and a, leaving a mas- 
sive C field and a decoupled a. This is analogous to 
the Higgs mechanism, but there is no field with a VEV 
and no physical Higgs boson. This mechanism has re- 
cently been applied to a Uj^Y extension of the SM o r 
the MSSM (|Feldman et aZ.1 . 120071: iKors and Nathl . l2004^ . 
For example, if one replaces the second term in Eq. 
by -{A'hCf, + MiB^ + d^,af /2 with M1/M2 = e < 1, 
then the C will mix with the A and but there will 
remain a massless photon. The new Z2 can be relatively 
light (e.g., several hundred GeV), so e must be small. If 
the C has no direct couplings to matter, the new Z2 will 
decay only to SM particles via the mixing and will be 
very narrow. If the C does couple to exotic matter, then 
the mixing with the photon will induce tiny (generally) 
irrational electric charges of 0{e) for the exotic particles. 
Such mixing with the photon is never induced by ordi- 
nary Higgs-type mixing if U{l)em is unbroken, but can 
also be induced by kinetic mixing with another massless 
boson fSection IIII.E.1|) . Oth er applications, such as to 
dark matter, are reviewed in (|Feldman et "an. l2007D . 



1. A Massless Z' 

A Z' would be massless if the U{1)' symmetry is un- 
broken. This would imply an unacceptable long range 
force if it coupled to or dinary matter unless the coup ling 
were incredibly small ( Dobrescu and Mocioiul l2006l ) . It 



would be allowed if the primary coupling were to a hid- 
den sector and communicat ed only by higher-dimensional 
operator s (iDobrescu ^ 20051 ) or by kinetic mixing with the 
photon (Holdom, |1986). The latter scenario would in- 
duce a small fractional electric charge for hidden sector 
particles. 



2. Electroweak/TeV Scale Z' 

Models in which the C/(l)' is involved in electroweak 
symmetry breaking, such as in Section IIII.Cl typically 
involve C/(l)' breaking at the electroweak or TeV scale. 
In the Ujiy extension o f the MSSM with a single S 



field jCvetic et al. . '1997: C vetic and Langackeii 



I1997I : iKeith and Mai . ,1997i: iLangacker and Wand , 
the part of the superpotential involving 5* and Hu,d is 
W = XsSHuHd, where we have assumed Qs 7^ and 
Qs + Qu + Qd ^ 0. Like the MSSM, the minimum of 
the tree-level potential always occurs along the charge- 
conserving direction with only (i/^ d) 7^ ^ (this assumes 
that the squark and slepton VEVs vanish) . The potential 
is then 



V = Vf + Vd + Vsofu 



(54) 
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where 



92 



^ {Qu\Hy + Qd\H°,\^ + Qs\S\ 
Vsoft = ml\H°\^ + m^lijop + ml\S\^ 



(55) 



- {XsAsSH^H° + h.c.) . 

If S acquires a VEV, then the effective fj, parameter 
is fieff = As (5), the corresponding effective Bfi is 
{Bn)eff = XsAs{S), and the Z ~ Z' mass matrix is 
given by Eq. [TS] and Eq. [201 One can define the fields 
so that \sAs and therefore the VEVs v^^d and s defined 
after Eq. [20] are real and positive. There is no analog of 
the first (second) term in Vp (Vd) in the MSSM. 

For generic parameters one expects v^a and s to 
be comparable. For example, for AsAg large com- 
pared to_the_soft masses and Qu — Qd = —Qs/'^ one 
finds ( Cvetic et al\ . Il997l ) ^ Vd ^ s, with negligible 
Z-Z' mixing and Ml,/M% ~ 12glQl/gf, which is typ- 
ically of order 1. This case is excluded unless the model 
is leptophobic or something similar. 

A more likely scenario is that the soft parameters 
i\mu,dMAAs\) are of 0(1 TeV), with m| < 0. Then 
~ — 2m|/(7|Q| and Af|, ^ — 2m|. One can have 
a smaller EW scale i^uA <SC s by accidental cancella- 
tions, which are not excessive provided Mz' is not too 
much larger than a TeV. In most supersymmetry medi- 
ation schemes m| is positive at a large scale such as the 
Planck scale. The running m| can be driven negative 
at low scales radiatively provided it has sufficiently large 
Yukawa couplings, such as A5 and/or couplings to ex- 
otics such as in Eq. [JSj This is analogous to the MSSM 
in which m„ can be driven negative by its large Yukawa 
coupling to the top. 



3. Secluded Sector and Intermediate Scales 

In the single S model in Eq. [53| and ([55)1 there is some 
tension between the electroweak scale and developing a 
large enough Mz' ■ These can be decoupled without tun- 
ing when there are sev eral S fields . For example, in the 
secluded sector model ( Erler et al there are four 

standard model singlets S, Si_2,3 that are charged under 
a C/(l)', with 



W ^ XsSHuHd + XSiS2S3. 



(56) 



(Structures similar to this are often encountered in het- 
erotic string constructions.) /^e// is given by Xs{S), but 
all four VEVs contribute to AIz'- The only couplings 
between the ordinary {S, Hu,d) and secluded (5*1,2,3) sec- 
tors are from the J7(l)' D term and the soft masses (spe- 
cial values of the U{iy charges, which allow soft mixing 
terms, are required to avoid unwanted additional global 



symmetries). It is straightforward to choose the soft pa- 
rameters so that there is a runaway direction in the limit 
A ^ 0, for which the ordinary sector VEVs remain finite 
while the Si VEVs become large. For A finite but small, 
the {Si) and Mz' scale as 1/A. For example, one can find 
Mz' in the TeV range for A 0.05 - 0.1. The secluded 
model can be embedded in the Eq conte xt (Tabl e HIl). 
Intermediate Sca le models (,Cleaver et al\ . 



iMorrissev and Wellsl . |200"7| ) are those in which the C/(l) 
breaking is associated with a F and D flat direction, such 
as the secluded model in Eq. [SD with A = 0. However, 
let us consider a simpler toy model with two fields S'i_2 
with QsiQs2 < 0- If there are no terms in W like SiSj 
or SiSjSk, then the potential for 5i^2 is 



ViSi,S2)^ml\Si\ 



\S2 



9l 



'-^{QsASi? + Qs.AS2??. 



(57) 



The quartic term vanishes for |S'2p/|S'ip — ~Qsi/Qs2- 
For simplicity, take Qsi = —Qs2j and assume that at 
low energies m|.^ < and to|^ > 0, as would typically 
occur by the radiative mechanism if W contains a term 
hnSiDD'^ . If = -I- > the minimum will 
occur at (S'l) 7^ 0, (5*2) = 0. If there is also a XsSiHuHd 
term in W then (S'l) and Mz' will be at the EW scale 
(< 1 TeV), just as in the case of a single S. On the other 
hand, for < 0, the potential along the F and D flat 
direction S'l = 6*2 = S is 



V{S) = m'^S^ 



(58) 



which appears to be unbounded from below. In fact, 
V{S) is typically stabilized by one or both of two mech- 
anisms: (a) The leading loop corrections to the effec- 
tive (RGE- improved) potential result in m?{S), 
leading to a minimum slightly below the scale at which 
m?{S) goes through zero, which can be anywhere in the 
range 10'^ — 10^^ GeV. (b) Another possibility is that 
the F-flatness is lifted by higher-dimensional operators 
(HDO) in W, such as I^ = (S1S2) where M 
is the Planck or some other large scale. This would lead 
to (S) ~ VmM ~ 10" GeV for fc = 2, m ~ 1 TeV, 
and M the Planck scale. In such models, HDO such 
as LHde+{S/M)P or SHuHd{S/M)i could also be im- 
portant for generating small effective Yukawa couplings 
(and t herefore fermion mas s hierarchies) or fJ.eff ^ (S) 
terms (jCleaver et all Il998f ). Implications for neutrino 
mass are considered in Section IV.FI 



F. Grand Unification, Strings, and Anomalous ^7(1)' 



1. Grand Unification 



In s ome full grand un ified theories ( Hewett and Rizzol . 
119891 : iLangackeii Il98l[ ). such as Ee, the extra J7(l)' s 
must be broken at or near the GUT unification scale to 
avoid rapid proton decay. This typically occurs if the 
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Higgs doublets (and their Yukawa couplings to ordinary 
fermions) are related by the GUT symmetry to chiral 
exotics, which cannot be much heavier than the C/(l)' 
breaking scale. However, as mentioned in Section [lII.A.3l 
this can be evaded in models which respect the GUT 
quantum numbers but not the Yukawa relations, or in 
models, such as the Eq x model, in which the Higgs dou- 
blets are non-chiral. 



2. String Theories 

Most semi-realistic superstring constructions yield 
effective four-dimensional field theories that include 
the SM gauge group (not a full four-dimensional 
GUT), as well as additional gauge group factors 
that often involve additional U(l)' s. (Examples in- 
clude (lAnastasoDOulos et all l20 06b: Br auii et all 12005 
Cleaver et all ^991 : Coriano et ah. i2008nCvetic et al 



2001 



1991 



Faraggil 1993t Faragg:i and Nanopoulos 



reviews, 



see 



iGiedd. I2OO1I: iLebedev et 



2008^ 
200,1 



For 
I2OO7I : 



-.^..^,,0, (iBlunienhagen et all 

ICvetic and Langackeii Il997[ ).) Heterotic construc- 
tions often descend through an underlying 50(10) or Eq 
in the higher-dimensional space, and may therefore lead 
to the T^ji and B ~ L (i.e., Q^^) or the Eg-type charges. 
Additional or alternative J7(l)' structures may emerge 
that do not have any GUT-type interpretation and 
therefore have very model dependent charges. Similarly, 
intersecting brane constru ctions often descen d through 
Pati-Salam type models ( Mohapatral l2003l ). yielding 
Q^^. Other branes can lead to other t ypes of U(l) ' 
charges. For example, the construction in ( Cvetic et all 
I2OOII ) involves two extra [/(I)' s, one coupling to Q^^ 
and the other only to the Higgs and the right-handed 
fermions. 

Constructions often have one or multiple SM singlets 
which can acquire VEVs to break the extra C/(l)'. How- 
ever, that is not always the case. For example, in 
some of the Q^^ models (see, e.g., ( Braun et all 120051 : 



ICvetic et aLl . l200i[ )) the only fields available to break the 
enhanced gauge symmetry a re the scalar partne rs j>fl of 
the right-handed neutrinos ( Cvetic et all |2003 ) . These 
act like the S'^ defined in Section llII.A.21 but it is difficult 
to reconcile the Z' constraints with neutrino phenomenol- 
ogy. This also occurs in the simpler supersymmetric ver- 
sions of the X model. 

The U{iy in string constructions may couple to 
hidden sector particles, and in some cases they can 
com municate between the ordinary and hidden sec- 
tors ( Langacker et all 120081 : IVerlinde et al. I. I2OO8I ). The 
non-standard string 11(1)' often have family nonuniver- 
sal charges. This can occur if the fermion families have 
different embeddings in the underlying theory. A simple 
field-theoretic example is a variant on the Eq model in 
Table [Til One could assign, e.g., the first two families 
{d^,Li),i = 1,2, to the 5* from the 16 of 50(10), and 
the third to the 5* from the 10. 



3. Anomalous U{1)' 

The effective four-dimensional field theories arising 
from the compactification of a strin g theory usuall y con- 
tain anomalous 11(1)' factors (see ( Kiritsisl . 12004) for a 
review). There is typically one anomalous combination 
in heterot ic constructions. In intersecting brane mod- 
els (Blu menhagen et all |2005[ ) there are stacks of branes 
yielding U{N) ~ SU{N) x f7(l), in which the U{1) is 
usually anomalous. Since the underlying string theory 
is anomaly free, these anomalies must be cancelled by 
a generalized Green-Schwarz mechanism. In particular, 
the Z' associated with the C/(l)' acquires a string-scale 
mass by what is essentially the Stiickelberg mechanism in 
Eq. I53[ with the axion field a associated with an antisym- 
metric field in the internal space (this sometimes applies 
to nonanomalous U{iy as well). The C/(l)' still acts as 
a global symmetry on the low energy theory, restricting 
the possible couplings and having possible implications, 
e.g., for baryon or lepton number. In addition, effec- 
tive trilinear vertices may be genera ted between the Z' 
and the SM gauge b osons (fAnastaso poulos et al. I. l2006al: 
ICoriano et a/.l . [20061) . It is possible that the string scale 
is actually very low (e.g., TeV scale) if there is a large 
total volume of the extra-dimensional space (a realiza- 
tion of the large extra dimension scenario). This would 
allow TeV scale Z' s associated with anomalous (or some- 
times nonanomalous) U{iy s, without any associated 
Higgs sc alar and with a nomalous de cays into ZZ, WW , 
and Z^ (lArmillis et aLl. i2008: Berenstein and Pinanskvl . 
I2OO7I : iGhilencea et a/.l . |2003: iKumar et all\20oK 

Anomalous J7(l)' s in heterotic constructions lead to 
Fayet-Iliopoulos (FI) terms, which are effectively con- 
stant contributions to the ?7(1)' D terms that are close 
to the string scale. Smaller FI terms may also appear 
in intersecting brane constructions which break super- 
symmetry. In many cases, FI terms trigger scalar fields 
in the low energy theory to acquire VEVs to cancel 
them. These VEVs in turn may lead to the break- 
ing of gauge symmetries (such as other nonanomalous 
U{iy s) and the generation of masses for some of the 
particles at the FI scale, a proce s s kno wn as vacuum 
restabilization (see ( Cleaver et all Il999t ) for an exam- 
ple). Family nonuniversal U{iy s may be used to gen- 
erate f ermion textures using the Froggatt-Nielsen mech- 
anism (iBinetruv and RamoiidJ, I1995I: I Chankowski et all 
l2005t [ibanez and Ross, 1991 Ijain a nd Shrock, 1995). 
The elements are associated with higher-dimensional op- 
erators allowed by the symmetry, and involve powers of 
the ratio of the FI and Planck scales. 



IV. EXPERIMENTAL ISSUES 

There are limits on Z' masses and Z — Z' mixing 
from precision electroweak data, from direct and indirect 
searches at the Tevatron, and from interference effects 
at LEP 2. In this section we briefly review the existing 
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limits and future prospects for discovery and diagnos- 
tics. FCNC effects for family nonuniversal couplings and 
astrophysical/cosmological constraints are touched on in 
Section El 



A. Constraints from Precision Electroweak 

1. Parametrization 

Precision electroweak data include purely weak ve 
and I'-hadron weak neutral current (WNC) scattering; 
weak-electromagnetic interferences in heavy atoms and 
in e^e~, Z^-hadron, and scattering; precision Z pole 
physics; and associated measurements of the W and top 
mass. They have verified the SM at the level of radiative 
corrections and strongly constrained the poss i bilitie s 
for new physics below the TeV scale ( Yao et d\ . l2006t ). 
There have been a number of global analyses of the 
con straints from pr e cision electroweak on a possible 



Z' (Idel Aguila et al\ . Il987al 1 19921: lAmaldi et 
Cacciapaglia et al!. '20061: IChivu kula and 



a/J, 1987 



2002 



Cho et al, 



Durkin and Langackeil 



19991 l200'(T 




Simmons , 
Costa aL, 1985: 



Erler and Langacker 



Gonzalez-Ga rcia an d Vali^ 
19921 : ILangack er et all 



1991 



19921: 



Langacker and Luol. 

London and Rosneij . [1986^ . Because of the mmrber of 
different chiral fermions involved, it is difficult to do 
this in a model independent way, so most studies have 
focussed on specific classes of models, such as described 
in Section fill. A[ and have emphasized electroweak scale 
couplings and family universal charges. 

Low energy WNC experiments are affected by Z' ex- 
change, which is mainly sensitive to its mass, and by 
Z — Z' mixing. Prior to the Tevatron and LEP 2 they 
yielded the best limits on the Z' mass. The Z-pole exper- 
iments at LEP and SLC, on the other hand, are mainly 
sensitive to Z ~ Z' mixing, which lowers the mass of the 
Z relative to the SM prediction, and also modifies the 
Zff vertices. 

The effective four-Fermi Lagrangian for the WNC ob- 
tained from Eq. [S] is 



'eff 



^ Q — 1 



(59) 



where Pa = / {M^ cos^ 0\y) , Ma are the mass eigen- 
values, U is the orthogonal transformation defined in 
Eq. [T71 and the currents are given in Eq. [TO] (kinetic 
mixing can be added). Specializing to the n ~ 1 case, 
this is 



(PeffJl +'2wJiJ2+ yJ2), 



(60) 



in the notation of ( Durkin and Langackerl Il986l : 



ILangacker and Ltiolll992f) . where 

Pef f = Pi cos^ + p2 sin^ 9 

w = — cos 9 sin 9{pi ~ P2) 
91 

y = (^j-^ {pi sin^ 9 + p2 cos^ ( 



(61) 



with the mixing angle defined in Eq 
and 9, these are approximated by 



where 



Peff Pi, 



'-^0 = Cp2, 
91 



For small p2 

y-P2, (62) 



P2=\- 



P2- 



(63) 



C is the Higgs-dependent mixing parameter of 0(1) de- 
fined in Eq. 1261 In the same limit, from Eq. 1241 

Pi Po(i + Poe^/P2) > 1 + e^/P2 = 1 + c'p2, (64) 

Po = l 

where poj defined in Eq. I16[ is 1 if there are only Higgs 
singlets and doublets. 

At the Z pole, in addition to the shift in Mi be- 
low the SM value, any mixing will affect the current 
9pUif3Jp /91 that couples to the Zi. For n = 1, the 
vector and axial couplings Vi and Ai of the Zi to fermion 
fi , which deter mine the various Z pole asymmetries and 
partial widths (|Yao et a/.l . l2006t) . become 



V, = cos (z) + ^ sm9gl.{i) ^ gl,{t) + 9gUi) 
91 



A, 



92 
91 



■ sm ( 



(65) 



where 5y^(j) are defined in Eq. [TOl It should be noted 
that the 5, T, U formahsm (jPeskin and Takeuchil |1990D 
only describes propagator corrections and is not appro- 
priate for most Z' s. 



2. Radiative Corrections 

The expressions for the electroweak couplings in 
Eq.Iiniill and ESland for Mz^ in Eq.IUlare vahd at tree 
level only. One must also apply full radiative corrections. 
In practice, since one is searching for very small tree-level 
effects from the Z' it is a reason able approximati on to 
use the SM radiative corrections ( Yao et al I I2OO6D and 
neglect the effects of the Z' in loops^. However, some 



The largest effects are from Z2 loops in fi decay, which modifiy 
slightly the relation b etween the extracted Ferm i constant and 
the and Z masses (iDegrassi and Sirlinl |1989|) . Z2 loops can 
also modify the relation between fi and /3 decay and th erefore 
affect the CKM universality tests l|Marciano and Sirlinl [1987). 
However, these effects are small for the currently allowed masses. 
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care is necessary in the definitions of the renormalized 
parameters, e.g., by using the MS rather than the on- 
shell definition of sin^ 9w , to en sure that they are not sig- 
nificantly affected by Z' e ffects ( Chankowski et all . 120061 : 
iDegrassi and Sirhnl . fl989f) . 



3. Results 

The results from precision electroweak and other data 
are shown for some specific models in Table IIVI and Fig- 
ure[TJ One sees that the precision data strongly constrain 
the Z ~ Z' mixing angle 9. They also give lower limits on 
M2, but these are weaker than the Tevatron and LEP 2 
limits. The precision limit on the Z^ mass is low due to 
its weak coupling to the neutrino and its purely axial cou- 
pling to the e~ . There is no significant indication for a Z' 
in the data (although the NuTcV anoma ly could possibly 
be ex plained by a Z' coupling to B~3L ( Davidson et all . 



pp) due to 7, Z, Z' interference below the Z' peak is 
also important ( Aaltonen et all. 2007t iDittmarl . Il997l : 
ILangacker et a/.l . Il984l : iRosnerl . Il996a[ ). 

The cross section for hadrons A and B at CM energy 
■\/s to produce a Z^ of mass Mg at rapidity y is, in the 
narrow width approximation ( Langacker et all . Il984l ) , 



I2OO2I )'). The precision results are presented for two cases: 
po free is for an arbitrary Higgs structure, while po = 1 is 
for Higgs doublets and singlets with unrestricted charges 
(i.e., C is left free). There is little difference between the 
limits obtained. The precision electroweak constraints 
are for the 52 value in Eq. 23] (except for the sequential 
model, which uses (72 = 5i ~ 0.74); for other values the 
limits on 9 and M2 scale as and (72, respectively. 

The stringent mixing limits from (mainly) the Z pole 
data lead to strong indirect limits on the Z' mass 
for specific theoretical values of C, as can be seen 
fr om the theoretical curves labeled 0,1, 5, 00 in Figure 
[T] (Langa cker and Luol . Il992l ) . For the x and LR models 
the label refers to the value of |a;p/(|j/„p + ji'dp), where 
x/V2 is the VEV of an extra Higgs doublet that is some- 
times considered (transforming like an L doublet for x 
or like the Si defined in Section |TTIX2] for the LR). The 
most commonly studied cases are for a; = 0, which yield 
Mz^ > 1368 GeV, Mz^^ > 1673 GeV at 95% cl. For the 
?/) and 1] models, the label represents tan^ (3 = 
with a; = assumed. 



B. Constraints from Colliders 

1. Hadron Colliders 

The primary discovery mode for a Z' at a hadron col- 



ppipp) ^ Z' ^ 


, where £ = e or u (lAaltonen et al. 


2007; del Aguila et all 19891: Barger et al. 1987 


Carena et al. 


2004: Dittmad. 19971 Dittmar ei aL 


2004: Godfrev 


. [2002! Kang and Langackei*. 12005 


Langacker et al 


. 119841: iLeikd. Il999: Weiglein et al. 


20061: Yao et aLl.l2006l). Other channels, such as Z' ^ jj 



where j = j et jW eiglein et all. 120061) . tt ()Han et al. 
l2004b[ ). ep, dAMcncia et all. \2Q0m . or r+r", are 
also possible. The forward-backward asymmetry for 
ppipp) t^£~ (as a function of rapidity, y, for 



da At:'^xiX2 
dij " M il 

X Y.^ftM^)f^M) + fi{xi)f!^M))nZo. ^ q^q^). 

(66) 

where f^]q^ are the structure functions of quark (or an- 
tiquark) qi (qi) in hadrons A or B, and the momentum 
fractions are 

xi,2 = {Mg/^s)e^y. (67) 
Neglecting mixing effects the decay width into fermion fi 



rr = r{Zg ^ /J,) 



247r 



where the fermion mass has been neglected. Cf. is the 
color factor (1 for color singlets, 3 for triplets). Formulas 
including fermion mass effects, de cays into bosons. Ma- 
jor an a fermions, etc., are given in ( Kang and Langackeri 
I2OO5D . 

To a good first approximati on. Eg . [SSI le ads to the Z' 
total production cross section ( Leikel [l999l ) 



1 . .Mz'. 

oz' = -cz'CKeyi\,{-A^^), 



(69) 



where C=600 (300) and A=32 (20) for pp (pp) colhsions, 
and K ^ 1.3 is from higher order corrections. From 
([S5)) . the predicted cross section falls exponentially as a 
function of Mz' ■ The details of the Z' model are collected 
in cz' , which depends on Mz', the Z' couplings, and the 
masses of the decay products. 



CZ' 



iTT^ Tz' 

3 Mz' 



B,, 



1 



-B, 



ud 



(70) 



where Cud = 2 (25), Tz' is the total Z' width, and Bf = 
Tf/Tz' is the branching ratio into //. It is also useful 
to define 



4, EE az'Bf = Nf/C, 



(71) 



where Nf is the number of produced // pairs for inte- 
grated luminosity £. More detail ed estimates for the 
Tevatron and LHC are given in (ICarena et al. 
Dittmar et dl . \2004 iFuks et all . l2008t iGodfrev 



2004; 



20021: 



Leikd . ll999D ." including discussions of parton distribution 
functions, higher order effects, width effects, resolutions, 
and backgrounds. 
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TABLE IV 95% cl lower limits on various extra Z' gauge boson masses (GeV) and 90% cl ranges for the mixing sin Q 
from precision electroweak data (columns 2-4), Tevatron searches (assuming decays into SM particles only), and LEP 2. 
From (|Aaltonen et al\ l2007l : lAlcaraz etdX . l2006l : lErler and Langackeii . Il999l : lYao et al\ |2006| ). The Tevatron numbers in 
parentheses are preliminary CDF resuhs from March, 2008 based on 2.5 fb"^ (CDF note CDF/PUB/EXOTIC/PUBLIC/9160). 





Po free 


Po = 1 


sin 6* (po = 


= 1) 


Tevatron 


LEP 2 


X 


551 


545 


(-0.0020) - (- 


h0.0015) 


822 (864) 


673 




151 


146 


(-0.0013) - (^ 


h0.0024) 


822 (853) 


481 




379 


365 


(-0.0062) - (- 


hO.OOU) 


891 (933) 


434 


LR 


570 


564 


(-0.0009) - (- 


h0.0017) 


630 


804 


sequential 


822 


809 


(-0.0041) - (- 


h0.0003) 


923 (966) 


1787 



The production cross sections, width s, and branching 
ratios are consid er ed in d etail in (Barger et al\ . 



Gherghetta et al[ . 
Langacker et al\ . Il984l ). 



1987 



200a 



iKang and Langacker 
For the Eq models, the to- 
tal width is close to 0.01 Mz' as suming decays into 
SM fermions only and 32 ^ b / "ig i&Yi 9w ■ However, 
T z' would be larger if superpartners and/or exotics are 
light enough to be produced in the Z' decays, and 
coul d therefore be as large as .05 Mz' in the Eq mod- 
els ( Kang and Langackeii [20051 ) . The rates for a given 
decrease as T^} in that case. On 



such as (t|/, 



channel 

the other hand, for smaller Tz' but fixed branching ra- 
tios (e.g., from some of the decoupled models described in 
Section [lILD.l[) the leptonic rate would decrease and the 
peak could be smeared out by detector resolution effects. 

The Tevatron limits from the CDF and DO collabo- 
rations (Aaltonen et all l2007t lYao et al\ . l2006f l (domi- 
nated, at the time of this writing, by the CDF e+e^ 
search using 1.3 fb~^ of data) are given in Table IIVI 
Figure O shows the sensitivity of the Tevatron and LHC 
to the Eq bosons as a function of Oeq for £ = 1 or 3 
fb-i (Tevatron), and 100 or 300 fb^^ (LHC), requiring 



10 events in the combined 1 



and /i /i channels. The 



Tevatron sensitivity is in the 600-900 GeV range for de- 
cays into standard model fermions only, but lower by as 
much as 200 GeV in the (extreme) case of unsuppressed 
decays into sparticles and exotics. The LHC sensitivity 
is around 4-5 TeV, but can be lower by ^ 1 TeV if the 
sparticle/exotic channels are open. 



sectio ns, at CM energies up to ~ 209 GeV ( Alcaraz et al\ . 
I2OO6D . They saw no indication of new four-fermi interac- 
tions, and the combined lower limits for typical models 
are given in Table IIVI and Figure [T] 

Similarly, a future linear collider would have sensitivity 
to Mz' well above the CM energy by interference with 
the ^ and Z ([del Aguila and Cvetid. 1994 : Babich et al. . 



tnejY ana z (laei Aguiia ana <jvetiaiib)^<M:ii3aDicn et at. 
I999I: [Godfrey et all 120051: iLeike and Riemannl . [19971 



Richard [20031: [Weiglein et all I2OO60 . Observables 
could include production cross sections, forward- 
backward (FB) asymmetries, polarization (LR) asym- 
metries, and mixed FB-LR asymmetries for e+e^ — )■ 
e+e~, /i^/i", r+T~, cc, &6, and tt; r polarization; and 
cross sections and polarization asymmetries for qq. High 
luminosity, polarization, and efficient tagging of 
heavy flavors are important. For example, the Inter- 
national Linear CoUider (ILC) with y/s — 500 GeV, 
C = 1000 fb~\ and P^- = 80% would have 5a sensi- 
tivity to the Eq and LR bosons in the r ange 2 — 5 TeV , 
incre asing by ~ 1 TeV for y/s = 1 TeV ( Weiglein et all 
l2006f ). There is some chance that a Z' could be observed 
first at the ILC, e.g., if its mass were beyond the LHC 
range or its couplings weak, in which case only M2/(?2 
could be determined for large M2. More likely, the Z' 
would be discovered first and Mz' determined indepen- 
dently at the LHC or Tevatron. A GigaZ (Z-pole) option 
for t he ILC would be extr emely sensitive to Z — Z' mix- 
ing ([Weiglein et a/.l . [2006[ ). 



2. 



Colliders 



Z' s much heavier than the CM energy in e+e~ colli- 
sions above the Z pole would manifest themselves as new 
four-fermion interactions analogous to Eq. [59l but with 
the a sum starting at 2. These would interfere with the 
virtual 7 and Z contr ibutions for le ptonic and hadronic 
final states (see, e.g., ( Cheung| . [2001j )). 

The ALEPH, DELPHI, L3, and OPAL collabora- 
tions at LEP2 have measured production cross sections 
and angular distributions or asymmetries for e^e~ — > 
e"'"e~, r+T~, cc, and bb, as well as hadronic cross 



C. Diagnostics of Z' Couplings 

Following the discovery of a resonance in the 
channels, the next step would be to establish its spin- 
1 nature (as opposed, e.g., to a spin-0 Higgs resonance 
or a spin-2 Kaluza-Klein graviton excitation). This can 
be done by the angular distribution in the resonance rest 
frame, which for spin-1 is 



dcrL 



dcos 9 



- cx -(1 + cos^ e* 



A^^cosr, (72) 



where 0* is the angle between the incident quark or 
lepton and fermion /. Of course, for a hadron col- 
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FIG. 1 Limits on the Z' mass M2 and the Z — Z' mixing angle 9 for the X) V') f^nd LR (a — 1.53) models. The solid 
(dashed) contours are 90% cl exclusions from precision electroweak data for po = 1 (po ~ free). A cross, x, is the best fit. The 
horizontal solid line is the 95% cl Tevatron lower limit, assuming decays into SM particles only. The horizontal dotted line is 

the 95% cl lower hmit from LEP 2 , 

mixing and are defined in the text. Updated from l|Erler and Langackeij . fl999l ) 



The contours marked , 1, 5, are for various theoretical relations between the mass and 



lider one does not know which hadron is the source 
of the q and which the q on an event by event ba- 
sis, but the ambiguity washes out in the determina- 
tio n of the 1 -f cos ^ 9* distribution c h aract eristic of spin 
1 (iDittmail . Il997t iLangacker et all I1984D . The spin 
can also be probed in e+e~ by polarization asymme- 



tries (jWeiglein et gZj . |2006| ). 



One would next want to determine the chiral couplings 
to the quarks, leptons, and other particles in order to dis- 
criminate between models. (The gauge coupling 52 can 
be fixed to the value in Eq. |3?1 or alternatively can be 
taken as a free parameter if the charges are normalized 
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FIG. 2 Discovery limits for an E^, Z' as a function of ^ = corresponding to a total of 10 e^e~ or jJ.'^ fj,~ events using az' 
from Eq. [B^ In each panel the top two curves assume decays into SM fermions only, while the bottom two assume that decays 
into exotics and sparticles are unsuppressed. The different shapes of the Tevatron a nd LHC curves is because t he u quark 
dominates at the Tevatron, while the u and d are more comparable at the LHC. From (|Kang and Langackej . [20051 ) . 



by some convention.) This should be possible for masses 
up to ~ 2 — 2.5 TcV at the LHC assuming typical cou- 
plings, but for higher masses there are too few events for 
meaningful diagnostics. 

In the main LHC production channels, pp Z' ^ 
i^i^ {£ = e,iJ,), one would be able to measure the 
mass AIz', the width Tz' and the leptonic cross section 
(T^/ = az'Bi. By itself, cr^/ is not a useful diagnos- 
tic for the Z' couplings to quarks and leptons: while 
az' can be calculated to within a few percent for given 
Z' couplings, the branching ratio into leptons, Bi, de- 
pends strong ly on the contribution of ex otics and spar- 
ticles to Tz' ( Kang and Langackeii |2005[) . However, cr^, 
would be a useful indirect probe for the existence of 
the exotics or superpartners. Furthermore, the product 
a^z'^z' — crz'^i does probe the absolute magnitude of 
the quark and lepton couplings. 

The most useful diagnostics involve the relative 
strengths of Z' couplings to ordinary quarks and leptons. 
The forward-backward asymmetry as a function of the Z' 
rapidity, Ap^{y) (jLangacker et aLl . ll984 ). avoids the qq 
ambiguity in Eq. [71 For AB ^ Z' ff, define 0cm 
as the angle of fermion / with respect to the direction 
of hadron A in the Z' rest frame, and let F [B] be the 
cross section for fixed rapidity y with cos ^cm > (< 0). 
Then, A^psiy) = {F - B)/{F + B), with 



F±B 



4/3 
1 



(73) 



Clearly, A^pg{y) vanishes for pp ai y — 0, but can be 
nonzero at large y where there is more likely a valence 
q from the first proton and sea q from the other. The 
leptonic forward-backward asymmetry is sensitive to a 
combination of quark and lepton chiral couplings a nd is a 
powe rful discriminant between models (,Langacker et al\ . 
I1984D . 

There are a number of additional pr obes. The ratio of 
cross sections in different rapidity bins ( del Aguila et al\ . 
I1993D gives information on the relative u and d cou- 
plings. Possible observables in other two-fermion fi- 
nal state channels include the polarization of produced 
r's ( Anderson et a/.l . 19921) and the pp Z ' jj 
cross section ( Rizzcil[l993a ; [Weiglein et al. I. [2006f) . There 
are no current plans for polarization at the LHC, 
but polarization asymmetries at a future or upgraded 
had ron collider would provide another useful diagnos- 
tic (|Fiandrino and Taxii[T993 ). 

In four-fcrmion final state channels the rare decays 
Z' Vfif2, where V = W oi Z is radiated from the 
Z' decay products, have a double logarithmic enhance- 
ment. In particular, Z' Wtvi (with W hadrons 
and an ii^i transverse mass > 90 GeV to separate from 
SM background) may be obser vable and projects out 
the le ft -chiral lepton cou p lings ( Cvetic and Langackeri 
Il992a[: iHewett and Rizzol . Il993t iRizzol . Il987[) . Shn- 
ilarly, the as sociated productions pp ^ Z'V with 
V = (Z W) (ICvetic and La ngacke?. 1992b') and V = 
7 (iRizzol . Il993b[ ) could yield information on the quark 
chiral couplings. 

Finally, decays into two bosons, such as Z' 
W+W-,Zh, or VF±iJ=F, can occur only by Z - 
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Z' mixing or with amplitudes related to the mix- 
ing. However, this suppression may be compen- 
sated for the longitudinal modes of the W or 
Z by the large polarizatio n vectors, with compo- 



nents scaling as M ? / /Myu (Idel Aguila et al\. Il987b : 



Tf^r 

Barger and Whisnantl . I1987t IDeshpande and Trampetic 
1988|). For example, T{Z' W+W') ~ 6*^ which ap- 
pears to be hopelessly small to observe. However, the en- 
hancement factor is ~ {Mz' /MwY ■ Thus, from Eg. [26l 
these factors compensate, leaving a possibly observable 
rate that in principle could give information on the Higgs 
charges. In the limit of Mz' ^ Mz one has 



Mz 



1927r 



^ ^ 1927r \ iviz / it;z7i 

(74) 

Global studies of the possible LHC diagnostic pos- 
sibilities for determining ratios of chiral charges in a 
model ind ependent way an d discr i minating models are 
given m (|del Aguila et all Il993l : ICvetic and Godfrevl . 
Il995[ ). The complementarity of LHC and ILC observa- 
tions is especially emphasized in (del Aguila and Cvetic'. 
1994 Idel Aguila aLl . ll995aHCvetic and Godfrev, . ,1995i: 
Weiglein et ali\2m^ . 



V. IMPLICATIONS 



A. The ^ Problem and Extended Higgs/Neutralino Sectors 



1. The n Problem 



As described in Section IH.E.3I the problem of the 
MSSM can be solved in singlet extended models in which 
a symmetry forbids an elementary /i term, but allows 
a dynamical /^e// = ^s{S)- There are a number of 
realizations of this mecha nism (see (jAccomando et all . 
120061 : iBarger ad [20073 ) for reviews). The best known 
is the next to minimal model (NMSSM), in which a 
discrete Z^ symmetry forbids fi but allows the cu- 
bic terms XfiSH^,Hd and kS^/3 in the superpoten- 



tial (|Ellis et aLl . ll989[ ). The original form of the NMSSM 
suffers from cosmological domain wall problems be- 
cause of the discrete symmetry. This can be reme- 
died in more sophisticated form s involving an R sym- 
metry ( Accomando et all . l2006( ). A variation on that 
approach yields the new minimal model (nMSSM), in 
which the cubic term and its soft analog are replaced 
by tadpol e terms linear in S with sufficient l y sma ll co- 
efficients ( Panagiotakopoulos and Tamvakisl [199^. A 
C/(l)' symmetry, which is perhaps more likely to 
emerg e from a str i ng construction, is another possi- 
bilitv (ICvetic et al. . 1997 : Cvetic a nd Langackeii Il996al : 
ISuematsu and Yamagishi ,|T995). This avoids the domain 
wall problem by embedding the discrete symmetry of the 
NMSSM into a continuous one. 



2. Extended Higgs Sector 

Conventional 11(1)' models necessarily involve ex- 
tended Higgs sectors associated with the SM singlet fields 
whose VEVs break the 11(1)' symmetry. Especially in- 
teresting in this respect are those supersymmetric mod- 
els involving a dynamical Me// = ^si^)- If one ignores 
Higgs sector CP violation^, then there will be an ad- 
ditional Higgs scalar associated with S, that can mix 
with the two MSSM scalars from iJ^jj. (There is also 
an additional pseudoscalar in the models involving a dis- 
crete symmetry.) Since the S does not couple directly 
to the SM fermions or gauge bosons, the LEP lower lim- 
its on the Higgs mass {niH > 114.4 GeV for the SM 
Higgs, and somewhat weaker in the MSSM) are weak- 
ened if the lightest Higgs h as a significant singlet com- 
ponent ( Barger et aZ.1 . 1200^ . Conversely, the theoretical 
upper limit on the lightest Higgs is also relaxed, from 
- 130 GeV in the MSSM to around 170 GeV in the sim- 
plest U{iy model, due to the new F and D term contri- 
butions to the potential in Eg. 1551 (One must include the 
loop corrections to these estimates (Barger et al.. 2006).) 
These relaxed limits allow lower values for tan/3 = v^lvd 
in the C/(l)' models than are favored for the MSSM. 

The UMSSM is the U{1)' with a single S, with the po- 
tential in Eg. 1551 In the decoupling limit, {S) — s- oo with 
/ie// fixed, the UMSSM reduces to the MSSM. Existing 
constraints favor this limit (unless the Z' is leptophobic, 
with small Z — Z' mixing due to a cancellation of the two 
terms in in Eq. [^0)1 . Fo r large (5*) the extr a Higgs 
is heavy and mainly singlet ( Barger et aZ.I . I2OO6I ) . so the 
Higgs sector is MSSM-like. However, more general UiX)' 
models such as the secluded model in Section lilI.E.3| as 
well as other models such as the nMSSM, can yield sig- 
nificant doublet-singlet mixing, light singlet-dominated 
states, etc tErler et a l.. 2002; Han et al., 2004a). (In fact, 
the secluded model reduces to th e nMSSM in an appro- 
priate Umit ( Barger et all I2OO6I ).) This may yield such 
nonstandard collider signatures as light weakly coupled 
Higgs, multiple Higgs with reduce d couplings, and inv is- 
ible decays into light neutralinos ( Barger et a/.l . [2007a| ). 



3. Extended Neutralino Sector 



The neutralino sector of the MSSM (the bino, B, and 
the wino, M^", with soft masses and two neutral 

Higgsinos iJ^^j) is extended in J7(l)' models by one or 

more singli nos, S, and by the Z^-gaugino, Z', with soft 
mass M^, (iBarger et al\A200A l2007bl: IChoi et all 120071: 



iHesselbach et aLl . 120021 : Isuematsul . Il998f) . (There could 
also be soft mass or kinetic B — Z' mixing terms.) 



® Loop effects may genera te significant CP effects, especially for 
the heavier Higgs states l lDemir and Everet"tl . l200-J) . 
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In the {B,W",H';l,H^,S,Z') basis, the mass matrix for the six neutrahnos in the UMSSM is 



Mb 


g'vu/2 







-gVu/2 





-g'ydl2 
gvdl^ 


g2QdVd 



g'vu/2 

-gVu/2 

-f^eff 



g2QuVu 







-^J■effVu|s g2QdVd 

-^■effVd/s g2QuVu 

g2Qss 



g2Qss 



My 



(75) 



r 



In the decoupHng hmit with g2Qss 3> M^, the 
singlino and the Z'-gaugino wiU combine to form 
an approximately Dirac fermion with mass g2Qss ~ 
Mz' and httle mixing with the four MSSM neu- 
trahnos. For large M^, 3> g2Qss, on the other 
hand, there will be a heavy Majorana Z', and a 
much lighter singlino with a seesaw type mass 
~M^, /AI ^, . For smaller s there can be significant mix- 
ing with the MSSM neu trahnos. One can easily ex- 



tend t o secluded models ( Erler et~al\ . 20021: Han et 



2004af) . models with multiple U{\y s (" Hesselbach et al. 



20021 ). o r singlet extended model s with discret e sym- 



metrie s ( Accomando et a/l 120061 : iBarger et al\ . 120051 
l2007d) . In many of these cases there are light singlino- 
dominated states (which can be the lightest supersym- 
metric particle (LSP)) and/or significant mixing effects. 
These can lead to a vari ety of collider signat ures very 
different from the MSSM (|Barger a/.l . l2007bl ) . For ex- 
ample, in some cases there are four MSSM-like neutrah- 
nos with production and cascades similar to the MSSM. 
However, the lightest of these may then undergo an ad- 
ditional decay to a singlino LSP, accompanied e.g., by 
an on-shell Z or Higgs. Enhanced rates for the decay 
of chargino-neutralino pairs to three or more leptons are 
possible. It is also possible for the lightest Higgs to de- 
cay invisibly to two light singlinos. Cold dark matter 
implications are described in Section IV.GI 



B. Exotics 

Almost all U{1)' models require the addition of new 
chiral exotic states to cancel anomalies (Section III.CI) . 
Precision electroweak constraints favor that these are 
quasi-chiral, i.e., vector pairs under the SM but chiral un- 
der U{iy . Examples are the S'[/(2)-singlet D, D'^ quarks 
with charge -1/3 in the Eq model (Table HIl; the SU{2) 
doublet pairs in Eq which may be interpreted either as 
additional Higgs pairs Hu.d or as exotic lepton doublets; 
or SM singlets. Realistic models must provide means of 
generating masses for such exotics, e.g., by coupling to 
chiral (or nonchiral) singlets which acquire VEVs, such 
as SDD'^, and also for their decays. 



Consider the example of the exotic D quarks, which 
can be pair-produced by QCD processes at a hadron 
collider, and their scalar supersymmetric partners D, 
produced with an order of magnitude smaller cross 
section. (The rates are smaller for exotic leptons.) 
Onc e produced, there are three major decay possibili- 
ties (|Kang et ali\200^ : 



• The decay may he D UiW , D — ^ d^Z, 
or £) — > diH^ , if dr iven by mixing with a 



hght charge —1/3 q uark ( Andre and Rosne^ |2004 



iBarger et oL. 19861). The current hmit is mo ^ 



200 GeV (| Andre and Rosneii [200i) . which should 
be improved to ~ 1 TeV at the LHC. However, 
such mixing is forbidden in the supersymmetric Eq 
model if i?-parity is conserved. 

• One may have D — s- jj if there is a small di- 
quark operator such as u'^dPD'^, or D ^ j£ for 
a leptoquark operator like LQD'^. (They cannot 
both be present because of proton decay.) Such 
operators do not by themselves violate R parity 
(i? = +1 for the scalar), and therefore allow a 
stable lightest supersymmetric particle. They are 
strongly constrained by the — Ks mass differ- 
ence and hy fj, — e conversion, but may still be sig- 
nificant teang et al. LHooi). If the scalar D is heav- 
ier than the fermion, then it may decay resonantly 
into the fermion pair, or into a D and neutralino 
(or gluino). The lighter fermion D can decay into 
a neutralino and nonresonant fermion pair via a 
virtual D or via a real or virtual squark or slep- 
ton. A heavier fermion will usually decay into an 
on-shell D and a neutralino (or gluino), with the 
D decaying to fermions. The signals from these de- 
cays, especially for a heavier scalar, may be difficult 
to extract from normal SUSY cascades, especially 
for diquarks. However, there are some possibilities 
based on missing tr ansverse ene r gy, le pton multi- 
phcities and pt, etc ( Kang e^"aZI . |2008[ ). 



• They may be stable at the renormalizable level due 
to the U{1)' , or to an accidental or other sym- 
metry, so that they hadronize and escape from or 
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stop i n the detector (iKang et aLl . l2008h . with signa- 
tures ( Kraan et all 12007 ) somewhat similar to the 
qua si-stable gluino expected in split super symme- 
trv ( Arkani-Hamed and Dimopoulosl . l2005l ). They 
could then decay by higher-dimensional operators 
on a time scale of < 10^^ — 100 s, short enough 
to av oid cosmological problems (iKawasaki et all 
I2OO5I ). These operators could allow direct decays 
to SM particles, or they could involve SM singlets 
with VEVs which could induce tiny mixings with 
ordinary quarks. 

Exotics carrying SM charges significantly modify the 
running of the SM couplings, and therefore can affect 
gauge unification unless, e.g., they occur in SU{5)-type 
multiplets. Examples of C/(l)' constructions which pre- 
serve the MSSM running at tree level are described in 
Sections IIII.A.3I and [TTLB] 



C. The Z' as a Factory 

The decays of a Z' could serve as an efficient source of 
other particles if it is sufficiently massive. This has been 
explored in detail for slepton production, pp Z' ^ II* , 
with 1^1+ LSP, assuming that Mz' is already known 
from the conventional channel ( Baumgart et al\ . 

I2007D . This can greatly extend the discovery reach of the 
I and may give information on the identity of the LSP. 
Decays of the Z' could al so be a u seful production mecha- 
nism for pairs of exotics (iRosner . 1996b) or heavy Majo- 
rana neutrinos (Idel Aguila and Aguilar-Saavedral 120071 : 



iDuncan and Langacker . 19861 ). The latter could lead to 

the interesting signature of like sign leptons -I- jets. The 
total width V z' , in combination with other constraints on 
the quark and lepton charges, would al so give some infor- 
mation on the cxotic/sparticlc decays ( Gherghetta et aZI . 
IT998i : iKang and Langackern2005l ). 



D. Flavor Changing Neutral Currents 

In Section |TT] it was implicitly assumed that the C/(l)' 
charges were family universal. That implies that the 
Z' couplings are unaffected by fermion mixings and re- 
main diagonal (the GIM mechanism). However, many 
models involve nonuniversal charges, as described in Sec- 
tion UlLDJl Let us rewrite the C/(l)' current in Eq.fTUl 
as 



(76) 



where is a column vector of weak-eigenstate left chi- 
ral fermions of a given type (i.e., m° , ; 6° , or z/°), and 
similarly for The are diagonal matrices of C/(l)' 
charges. The ]\ are related to the mass eigenstates 
]l,r by 



where V/^j are unitary. In particular, the CKM and 

PMNS matrices are given by V^V^ and Vi^Vj} ■, respec- 
tively. In the mass basis, 



where 



O fT = V r t tr y r . D tn = V nt tr/V 1 



(78) 



(79) 



'SL = "L^fL^L ' ^fR = ''R^fR^'R 

For family universal charges, £fL.R are proportional to 
the identity, and Bf^n = e/L.R- However, for the 
nonuniversal case, Bf^ ji will in general be nondiagonal. 

As a simple two family example, if e and V is 

a rotation of the same form as Eq. [51] then 

J" = sin2 efa^h + cos2 0/27^/2 
+ sine cos 0(/i7'^/2 -1-/27^/1). 



(80) 



The formalism for FCNC mediated by Z', and 
also by off-diagonal Z cou plings induced by Z — Z' 
mixin g, was developed in ( Langacker and Plumache^ 
|2000D . and limits were obtained for a number of tree 
and loop level mixings and decays. The limits from 
— K'^ mixing (including CP violating effects) 
and from fi — e conversion in muonic atoms are suf- 
ficiently strong to exclude significant nonuniversal 
effects for the first two families for a TeV-scale Z' 
with clcctroweak couplings. However, nonuniversal 
couplings for the t hird family a re sti ll possible and 



2004allb 


d: Chen and Hatanakal 120061: 


Cheung et al. 


2007: 


Chiang et ai. 2006 


; iHe and Valencia, 2006 


Langacker and Plumached. 


2OOOI: iLeroux and London 



B 



to processes such as BB and DD mixing, 
, or 6 ^ sss (such as in i? — > (j)K). Since the 



Z' effects are at tree level, they may be important even 
for small couplings since they are competing with SM 
or MSSM loop effects. The possible anomal y observed 
in th e Z bb forward-backward asymmetry l]Yao et all 
'2006") could possibly be a (flavor diagonal) resu lt of a 
nonuniversal Z' coupling (Erler and Langa ckerl l2000f ). 
Collider processes such as sin gle top production could 
possibly be observable as well (jArhrib et all . l2006l ) . 

The nonuniversal couplings could also be relevant to 
loop effects, such as 6 ^ 57 or /j, ^ ej, or intrinsic mag- 
netic or electric dipol e moments . One interpretation of 
the possible anomaly ( Yao et aLl . 120061 ) suggested by the 
BNL experiment for the anomalous magnetic moment of 
the inv olves the vertex diag ram with a Z' exchange 
(see, e.g., ( Cheung et all . \200% ) . The flavor-diagonal di- 



fO 
JR 



(77) 



agram with an internal /i is too small to be relevant (un- 
less Mz' ~ 100 GcV or the couplings are large). How- 
ever, an internal r enhances the effect by rriT/m^, and 
the anomaly could be accounted for by a TeV scale Z' 
with large fJ. — t mixing. 

Mixing between the or dinary and exotic fermions ca. n 
also lead to FCNC effects ( Langacker and Londonl . ri988f ). 
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For example, a small (P — D'^ mixing in the Eq model 
of Table [IT] would induce off diagonal couplings of the 
to the light and heavy mass eigenstate, while a. d — 
D mixing (i.e., between an SU{2) doublet and singlet) 
would generate similar effects for the ordinary Z". Off- 
diagonal vertices between the light mass eigenstates, such 
as Z°bs, would be induced as second order effects. 



E. Supersymmetry Breaking, Z' IVIediation, and the 
Hidden Sector 

U{iy s have many possible implications for supersym- 
metry breaking and mediation, and for communication 
with a hidden sector. For example, one limit of the sin- 
gle S scenario of Section [lII.E.2l reauires large (TeV scale) 
soft masses in the Higgs sec tor, suggesting the p ossibility 



of heavy sparticles as well ( Everett et al. , l2000l ) . 



Another implication is the 11(1)' D term cont ribution 
to the scalar potential ( Kolda and Martini . 1 1996h . 



Vn 



(81) 



Vd of course contributes to the minimization conditions 
and Higgs sector masses. Assuming a value _D™*" ^ for 
D at the minimum, it gives a contribution to the masses 
mf of the squarks, sleptons, and exotic scalars 



Am2 = (-Z?™-)(520.). 
For a single 5* field, one has = g2{Qu\ 



(82) 



^d\i^d\ 

,2 



(5s|sp)/2 in the notation of Section III.BI 
Am'f can be of either sign, and must be added to 
other supersymmetric and soft contributions. When 
the U{iy scale is large, there is a danger of over- 
all negative mass-squares which de-stabilize the vac- 
uum. However, in that case there is the possibility 
of breaking along a D flat directio n in which T /p^™ i s 
small, as in the secluded models ( Erler et~al\ . |2002| ). 
Positive D term contributions to the slepton masses 
have been suggested as a means of compensating the 
negative ones from anomaly mediated supersymme- 
try b reaking ( Anoka et all |2004 [Murakami and Wellsl . 
l2003i ). The D term quartic interactions also con- 
tribu te to the RGE equations for the soft masses ( see, 
e.g., (jCvetic et aZ.l . ll997l: ILangacker and Wand . 119981 )). 

U (1)' s have been invoked in many models of supersym- 
metry breaking or mediation. For example, many mod- 
els of gauge mediation involve a U{iy which may help 
transmit the breaking by loop effects and/or D te r ms in 
the hidden or ordinary sectors (Cheng et a/.'. '199 81119991 : 
Dobrcscu, ,1997; Kapla n et a l.. 1999; Langacker_eLaiJ, 
19991 ). The Fayet-Iliopoulos terms (Section UlLRl]) as- 



sociated with anomalous U{iy s in string constructions 
may also help trigger and t ransm i t supersymmetry break- 
ing ( Dvali and Pomaroll Il998l : iMohapatra and Riottol . 
I1997D . 



In many string constructions particles in both the or- 
dinary and hidden sector may carry 11( 1)' charges, allow- 
ing fo r the possibility of Z' mediation (jLangacker et all 
12008'). The simplest case is that the U(l)' gauge symme- 
try is not broken in the hidden sector, but the Z' gaugino 
acquires a mass from the SUSY breaking. The Z' — Z' 
mass difference induces ordinary sector scalar masses at 
one loop, and SM gaugino masses at two loops. Requir- 
ing the latter to be in the range 10^ — 10'^ GeV implies 
M^, ^ 10^ TeV (for electroweak couplings), with the 
sparticles, exotics, and Z' around 10 — 100 TeV and the 
electroweak scale obtain ed by a fine-tuning, i.e., a version 
of spl it supersymmetry I Arkani-Hamed and Dimopoulod . 
12005). String embeddings of this scenario are addressed 
in (IVerlinde et al I I2008D . It can also be combined 
with other mediation scenarios, allowing a lower Z' 
scale ( Nakavainal l2008l) . A Z' communicating with a 
hidden sector could also allow the production and decays 
into SM particles of r elatively light hidden valley parti- 
cles (|Han et aLl . boOSi ). 



F. Neutrino IVIass 



The seesaw model (see, e.g., ( Mohapatra et all . \200l\) ) 



leads to a small Majorana mass rrii, ^ —rnjj/M^^ for 
the ordinary doublet neutrinos where m^i is a Dirac 
mass (generated by the VEV of a Higgs doublet), and 
M^a mD is the Majorana mass of the heavy singlet 



moVLVR + -M^cvIvr + h.c, (83) 



where i/n is the conjugate of i^£. For ^ 100 GeV 
and AI^c ^ lO^'' GeV one obtains \m^\ in the observed 
0.1 eV range. However, if the v'^ is charged under a 
U(iy then M^c cannot be much larger than the U(l)' 
scale. One possibility for a TeV scale Z' is that the 
v'^ is neutral, as in the N model (iBarger et all 120031: 
iKang et aZ.l . l2005bl : lKing et a/.l. 120061: iMal . 19961 ). Then, a 



conve n tional seesa w fKang et al', 2005b 
Il996l: iKing et al 



2006; 



, _ _ Keith and Mai . 

^. Ma, 199^and leptogene- 

sis ( Hambve et al\ . l200l[ ) scenario can be possible if a 
large M^c can be generated. For other models with 
TeV scale Mz' one must invoke an alternative to the 
seesaw. For example, small Majorana masses can be 
generated using the double seesaw mechanism (involv- 
ing an additional power of M,7c^), or by invoking a Higgs 
triplet (|Kang et a/.l . l2005bl: IMohapatra et aTl . l2007D . 
Another possibility, which can lead to either 



small Dirac 

dimen sio nal operators (HDO) 



involves 



Borzumati and Nomural . 

19981: 



2007; Cleaver et al. 



Arkani-Hamed et al.. 




2001: 


Chen et al.. 


D 


emir et 


al. 2008 


20021 


Kang et al.. 


example, 


a superpo- 



Gogoladze and Perez-Lorenzanal 
2005b; La ngackeii Il998t) . Fbr 

tential operator W = SLH^v'^ /M could generate a 
small Dirac mass in the correct range for (S) ^ 10^ 
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GeV and M ~ lO^^ GeV. Such a V EV can easily 
occur in intermediate scale models ( Cleaver et al\ . 
119981 : iLaneackeil Il99a l or in the Z' mediation sce- 
nario (jLangacker et M, I20O8D . Higher powers could 
occur for a larger {S) o r smaller M, associated, e.g., with 
an a nomalous U{1)' (jGogoladze and Perez-Lorenzanal 
l2002f ). Non-holomorphic (wrong Higgs) terms (see 
Section III.E.2P can also lead to naturally small Dirac 
masses, suppressed by the ratio of the SU SY breaking 
and mediation scales ( Demir et al\ . l2008l ). In some 
cases, a Z'-gaugino is needed to generate a fermion 
mass at loop level from a non-holomorphic soft term. 
In all of these mechanisms, some low energy symmetry 
such as a U{1)' must forbid a renormalizable level Dirac 
mass term W = LHuv'^, while allowing the HDO. (The 
renormalizable level term is allowed in the Eq models.) 
Discrete gauge symmetries (i.e., remnants of a gauge 
symmetry broken at a high scale), m ay also help restrict 
the allowed operators ( Luhn and Thorr n cicr, 200§,) . 

Some mechanisms ( Lang ackeil 119981 : [Mai . Il996h also 
allow the generation of light sterile neutrino masses and 
ordinary-sterile mixing, as suggested by the LSND ex- 
periment. 

Recently, it was shown (iNelsonand Walshl . l2008D that 
the LSND and MiniBooNE results could be reconciled in 
a model involving ordinary and sterile neutrinos if there 
is a very light (~ 10 keV) Z' coupled to B — L with 
a very weak coupling (< 10~^). In analogy with the 
MSW effect (Moh apatra all . l2007t) the Z' generates a 
potential in matter that is different for the ordinary and 
sterile neutrinos and strongly energy dependent. 

The right handed components of light Dirac neutri- 
nos could upset the successful predictions of big bang 
nucleosynthesis if they were present in sufficient num- 
bers. Mass and Yukawa coupling effects are too small 
to be dangerous. However, couphngs of the i^'^ to a 
TeV-scale Z' could have kept t hem in equilibrium un- 
til relat ively late (lOlive et al\ . Il98l[ ). A detailed es- 



timate (jBarger et all 120031 ) found that too much "^He 



would have been produced for light Dirac neutrinos for 
most of the Eq models unless AIz' > 1 — 3 Te V. Sim- 
ilar c onstraints follow from supernova cooling ( Rizzol . 
I1991I ). These limits disappear, however, for couplings 
close to the N model. This is especially relevant for a 
parameter range of the generalized Eq model (with two 
U{iy s) in which the Zn is much lighter than the or- 
thogonal boson, but nevertheless no Majorana masses 
are allowed (jKang et a/.l . l2005bh . 



G. Cosmology 

1. Cold Dark Matter 



U(lY mod els (iBarger et all l2004dl 



Belanger et 



1997 



[20a 



iHur et 



, I2007d : 

Ide Carlos and Espinosa. 



20081: iLee et all 12007 



as well as other singlet extended mode l s with a dy- 
namic al li term (lAccomando et ~al. I. I2OO6I : iBarger et all 
l2007clldl : iMenon et all I2004D . have many implications 
for cold dark matter (CDM). For example, the ex- 
tended neutralino sector in Eq. [75] allows the po s sibilit; 



of a lig ht singlino as the LSP (IBare^er et all l2004i 
2007d'; 'de Carlos and Espinosa!, 



i 

|2( 



19971 : IMenon et all 



2004; Nakamura and Suematsu, 120071) . with efficient 
annihilation into a light Z' or into the Z (via small 
admixtures with the Higgsinos). More generally, the 
LSP may contain admixtures of S or Z' with the MSSM 
neutralinos, or allow a modified MSSM composition for 
the LSP. The models also have enlarged Higgs sectors 
and different allowed ranges, extending the possible 
mechanisms for Higgs-mediated LSP annihilation. Most 
of the interesting case s should be observa ble in direct 
detection experiments ( Barger et a/.l . l2007dh . 

There are other LSP candidates in U{1)' models. For 
example, the scalar partners v'^ of the singlet neutrinos 
become viable thermal CDM candidat es due to the pos - 
sibility of annihilation through the Z' ( Lee et oil . |2007| ). 
Other possibilities inclu de a neutral ex otic particle or 
multiple s table particles (Hur e.t aLl . l2008l ). a heavy Dirac 
neutrino ("Bela nger et all 20081) . or a semi-secluded weak 
sector (Pospelov et ai . 20081 ) coupled via a Z'. 



2. Electroweak Baryogenesis 

The seesaw model of neutrino mass allows the possibil- 
ity of explaining the observed baryon asymmetry by lep- 
togenesis, i.e., the decays of the heavy Majorana neutrino 
generate a small lepton asymmetry, which is partially 
converted to a b aryon asymmetry by th e electroweak 
sphaleron process ( Mohapatra et aLl . l2007t ). As discussed 
in Section IV.Fl however, an additional C/(l)' symmetry 
often forbids the seesaw model. Some of the alter natives 
discussed there allow other forms of leptogenesis (IChunl . 

120051 

How ever, the Uj l Y (iHam and OHi . 120071 : iHam et all 



I2OO7I : iKang et all. l2005al) and other single t 



Nakamura and Suematsul . 20071 : iPospelov et all |2008^ ■ 



tended models ( Barger et all l2007cl : iMenon et al. I. I2OO4 
iProfumo et~al\ . l2007t) open up the possibility of a com- 
pletely different mechanism, electroweak baryogenesis. In 
this scenario, the interactions of particles with the ex- 
panding bubble wall from a strongly first order elec- 
troweak phase transition lead to a CP asymmetry, which 
is then converted to a baryon asymmetry by sphaleron 
processes. However, the SM does not have a strong first 
order transition or sufficient CP violation; the MSSM 
has only a small parameter range involving a light stop 
for the transition, and there is tension between the CP 
violation needed and e l ectric d ipole moment (EDM) con- 
straints ( Carena et "aZl. l2003bD . In the extended models, 
however, there is a tree-level cubic scalar interaction (the 
XsAsSH'^lH^ term in Eq.lHSl) which can easily lead to the 
needed strong first order transition. There are also pos- 
sible new sources of tree-level CP violation in the Higgs 
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sector (|Ham and OHi 120071 : iKang et all l2005al) . which 
can contribute to the baryon asymmetry but have negH- 
gible effect on EDMs. 



3. Cosmic Strings 

A broken global or gauge C/(l)' can lead to cosmic 
strings, which are allowed cosmologically for a wide range 
of parameters and which could have interesting implica- 
tions for gravitational waves, dark matter, particle emis- 
sion, and gravitational lensing. For a recent discussion, 
with emphasis on breaking a supersy mmetric 11(1)' along 
an almost flat direction, see (jCui et a/.. . .2008.) . 



VI. CONCLUSIONS AND OUTLOOK 

A new U{iy gauge symmetry is one of the best mo- 
tivated extensions of the standard model. For example, 
U{iy s occur frequently in superstring constructions. If 
there is supersymmetry at the TeV scale, then both the 
electroweak and Z' scales are usually set by the scale 
of soft supersymmetry, so it is natural to expect Mz' 
in the TeV range. (One exception is when the 11(1)' 
breaking occurs along an approximately flat direction, 
in which case a large breaking scale could be associ- 
ated with fermion mass hierarchies generated by higher- 
dimensional operators.) Similarly, TeV-scale J7(l)' s (or 
Kaluza-Klein excitations of the photon and Z) frequently 
occur in models of dynamical symmetry breaking. Little 
Higgs models, and models with TeV~^-scale extra dimen- 
sions. Other constructions, such as non-supersymmetric 
grand unified theories larger than SU{5), also lead to ex- 
tra U (1)' s, but in these cases there is no particular reason 
to expect breaking at the TeV scale (and breaking below 
the GUT may lead to rapid proton decay). 

The observation of a Z' would have consequences far 
beyond just the existence of a new gauge boson. Anomaly 
cancellation would imply the existence of new fermions. 
These could just be right-handed neutrinos, but usu- 
ally there are additional particles with exotic electroweak 
quantum numbers. There must also be at least one new 
SM singlet scalar whose VEV breaks the U{iy symme- 
try. This scalar could mix with the Higgs doublet (s) 
and significantly alter the collider phenomenology. The 
Z' couplings could be family nonuniversal, allowing new 
tree-level contributions, e.g., to t, b, and r decays. 

In the supersymmetric case the J7(l)' could solve the 
fi problem by replacing /i by a dynamical variable linked 
to the U{iy breaking, and the allowed MSSM param- 
eter range would be extended. The singlets and exotics 
would be parts of chiral supermultiplets, and there would 
be extended neutralino sectors associated with the new 
singlino and gaugino, modifying the collider physics and 
cold dark matter possibilities. Gauge unification could 
be maintained if the exotics fell into SU (5)-type mul- 
tiplets. The U{iy symmetry would also constrain the 



possibilities for neutrino mass and might be related to 
proton stability and i?-parity conservation. A Z' might 
also couple to a hidden sector and could play a role in 
supersymmetry breaking or mediation. Finally, a dynam- 
ical /X would allow a strong first order electroweak phase 
transition and new sources of CP violation in the Higgs 
sector, making electroweak baryogenesis more likely than 
in the SM or the MSSM, with the ingredients observable 
in the laboratory. 

There are large classes of Z' models, distinguished by 
the chiral charges of the quarks, leptons, and Higgs fields, 
as well as the Higgs and exotic spectrum, gauge coupling, 
Z' mass, and possible mass and kinetic mixing. In string 
constructions, for example, t/(l)' s that do not descend 
through 5*0(10) or left-right symmetry can have seem- 
ingly random charges. There is no simple classification 
or parametrization that takes into account all of the pos- 
sibilities. One (model independent) approach, valid for 
family universality, is to take a conventional value for 
the new gauge coupling, and regard the charges of the 
left-handed quarks (Ql), leptons (L^), and antiparticles 
u'i,d'i, and ej, as well as Mz', T z' and the mixing angle 
9 as free parameters relevant to experimental searches. 
However, 8 parameters are too many for most purposes, 
so one must resort to specific models or lower-dimensional 
parametrizations to illustrate the possibilities. A recom- 
mended set are those summarized in Tables HI |TT1 and 

imi 

Table U lists the U{l)'iB. x U{\)bl model, which is a 
one-parameter (not counting the Z' mass and mixing) 
set of models based on various forms of 50(10) and left- 
right symmetry, and a two parameter generalization mo- 
tivated by more general embeddings or by kinetic mixing. 
It requires no exotics other than i/£. However, the super- 
symmetric version requires non-chiral Higgs doublets and 
(probably) vector pairs of SM singlets, and does not solve 
the ^ problem. 

Table |lT] lists popular iJg-motivated models. A whole 
class of interesting models involves one free parameter, 
^Bg, or a two parameter generalization with kinetic mix- 
ing (or a third parameter if the gauge coupling is varied). 
These models illustrate typical exotics, and (with the ex- 
ception of the X model) the supersymmetric version in- 
volves a dynamical /i term. However, supersymmetric 
gauge unification requires an additional vector pair of 
Higgs-like doublets. 

The models in Table iHll are examples of supersymmet- 
ric models with a dynamical /i that are consistent with 
gauge unification without additional vector pairs. Three 
parameters, including the gauge coupling, are relevant to 
the non-exotic sector. 

If there is a Z' with typical electroweak scale couplings 
to the ordinary fermions, it should be readily observable 
at the LHC for masses up to ~ 4 — 5 TeV, or at the 
Tevatron for masses up to ~ 600 — 900 GeV. Significant 
diagnostic probes of the Z' couplings would be possible 
up to ~ 2-2.5 TeV. A future ILC would extend the 
range somewhat, and would provide complementary di- 
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agnostics. Within the context of supersymnietry. the ob- 
servation of a Z' could completely alter the paradigm of 
having just the MSSM at the TeV scale, with a desert up 
to a scale of grand unification or heavy Majorana neu- 
trino masses, and would suggest a whole range of new 
laboratory and cosmological consequences. In the non- 
supersymmetric case, a Z' might be one of the first ex- 
perimental manifestations of a new TeV scale sector of 
physics. 
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